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SUMMARY

This report describes the organization and facilities within the Space Directorate and presents the
major research accomplishments and highlights for F.Y. 1988. This information should be useful in
presenting and discussing the directorate program with other government installations, university and
scientific community, and industry in areas of mutual interest.

ORGANIZATION

The Langley Research Center is organized by directorates as shown in figure 1. Directorates are
organized by divisions and offices. The Space Directorate consists of two divisions (Atmospheric Sciences
Division, Space Systems Division) and one office (Space Station Freedom Office) as shown in figure 2.
The Atmospheric Sciences Division consists of 92 NASA civil servants organized into five branches and
one office. The Space System Division consists of 100 NASA civil servants organized into five branches
and one office. The Space Station Freedom Office consists of 20 NASA civil servants organized into five
offices.

During this year in the Space Directorate Office W. R. Hook replaced R. R. Nunamaker as Director
for Space and a new Deputy Director position was created with G. D. Walberg appointed to that position.
W. M. Piland was named Chief, Space Systems Division and E. B. Pritchard was named acting Manager
of the Space Station Freedom Office.

The Space Directorate conducts research in atmospheric and Earth sciences, identifies and develops
technology for advanced transportation systems, conducts research in energy conversion techniques for
space applications, and provides the focal point for conceptual design activities for both large space
systems technology and space station activities.

FACILITIES

The Hypersonic Facilities Complex consists of 8 hypersonic wind tunnels located at four Langley
sites and are jointly managed by the Space Directorate and the Aeronautics Directorate. They are
considered as a complex because together these facilities represent a major unique national resource for
wind tunnel testing. The complex currently includes the Hypersonic CF4 (tetrafluoromethane or Freon 14)
Tunnel (M=6), the High Reynolds Number Mach 6 Tunnel, the 20-Inch Mach 6 Tunnel, the Mach 8
Variable-Density Tunnel, the 31-Inch Mach 10 Tunnel, the Hypersonic Nitrogen Tunnel (M=17), and the
Hypersonic Helium Tunnel and its open jet leg (M=20). (See figure 3.) These facilities are used to study
the aerodynamic and aerothermodynamic phenomena associated with advanced space transportation
systems, including future orbital-transfer and launch vehicles; to support the development of advanced
military spacecraft capability; to support the development of [uture planetary entry probes; to support the
development of hypersonic missiles and transports; to perform basic fluid mechanics studies, to establish
data bases for verification of computer codes, and to develop measurement and testing techniques.

The complex of facilities provides an unparalleled capability at a single installation to study the effects
of Mach number, Reynolds number, test gas, and viscous interactions on the hypersonic characteristics
of aerospace vehicles. A significant amount of the current testing in these facilities is classified, thus
restricting the amount and content of test results that can be reported in the open literature. Facility
descriptions follow.

Hypersonic CF4 Tunnel:

This tunnel was converted from the Langley 20-Inch Hypersonic Arc-Heated Tunnel in the early
1970’s. The basic components include a CF4 storage trailer, a high-pressure CF4 bottle storage field, a
pressure regulator, lead-bath heaters, a settling chamber, a contoured axisymmetric nozzle, a test section,
a diffuser, a vacuum system, and a CF4 reclaimer. The high pressure heated CF4 (maximum temperature
and pressure of approximately 155°R and 2500 psi) flows from the lead-bath heaters, through an in-line
filter designed to trap particles greater than 10 microns in diameter, into the settling chamber consisting
of a pressure vessel, diffusing cone, and fine-mesh screens, through the nozzle where it is expanded to
a Mach number of 6 in the test section, through the diffuser into the vacuum spheres from where it is



recovered and reclaimed. Runs are approximately 15 seconds in length; free stream Reynolds number is
approximately 0.5 million/foot.

High Reynolds Number Mach 6 Tunnel:

This facility is an intermittent blowdown tunnel which became operational in 1967. The air-test
medium is heated by electrical heaters, passes through a settling chamber, a contoured axisymmetric
nozzle, a test section, a diffuser, and exhausts into a 41-ft-diameter vacuum sphere. The same air supply
and vacuum system are used for this facility and for the Mach 8 Variable Density Tunnel. The stagnation
temperature range is 700°~1060°R, and the stagnation pressure range is 50-3200 psia giving a Reynolds
number range from 1.8 — 50 x 108 per ft. The test section diameter is 12 in. There are two interchangeable
test sections: one has Schlieren windows and a model injection system (angle of attack not variable during
a run) while the other test section is for tunnel-wall boundary-layer studies over a length of 12 ft and
length Reynolds number up to 1200 million. The maximum run time is approximately 5 minutes.

20-Inch Mach 6 Tunnel:

The Langley 20-Inch Mach 6 Tunnel, which became operational in 1958, is a intermittent blowdown
wing tunnel that uses dry air as the test gas. Air is supplied from a 600 psi reservoir with a storage
capacity of 42,000 ft3 and heated to a maximum temperature of 1000°R by an electrical resistance heater.
Air for this reservoir is transferred from either 3000 psi or 4250 psi tank fields. An activated alumina
dryer provides a dewpoint temperature equal to 419°R at a pressure of 600 psi. The settling chamber
contains a perforated conical baffle at the entrance and screens; the maximum pressure is 525 psia. A
fixed-geometry, two dimensional contoured nozzle is used; that is, the top and bottom walls of the nozzle
are contoured and the sides are parallel. The test section is 20.5 in. by 20 in., and the nozzle length
from the throat to the test section window center is 7.45 ft. This tunnel is equipped with an adjustable
second minimum and exhaust either into combined 41-ft-diameter and 60-ft-diameter vacuum spheres, a
100-ft-diameter vacuum sphere, or to the atmosphere through an annular air ejector. The maximum run
time is 1.5 minutes with the ejector.

The Mach 6 tunnel has an upper and a lower injection system at the test section. The upper system
is generally used to insert a pitot pressure probe into the flow. Models are mounted on the lower injection
system located in a housing below the test section. This system includes a manually operated, remotely-
controlled, sting support system capable of moving the model through an angle of attack range from —5°
to +55° for angles of sideslip of 0° to —10°. Injection time of the model can be as rapid as 0.5 sec, covering
the last 10 in of travel in approximately 0.3 sec with a maximum acceleration of 6g for heat-transfer tests.
For force and moment tests, the injection time for the last 10 in is adjusted to 0.9 sec with maximum
acceleration of 2g.

Mach 8 Variable Density Tunnel:

The Mach 8 Variable Density Tunnel is an intermittent blowdown tunnel which became operational in
1960. It consists basically of a heater, settling chamber, contoured axisymmetric nozzle, test section, fixed
second minimum, and vacuum system. Dry air is transferred from a 4250 psi tank field and regulated
from 30 to 3000 psi. The air is heated by an electric resistance heater that is shared with three other wind
tunnels (not members of the HFC), to temperatures between 1160°R and 1510°R. The heated air flows
into a settling chamber having an inside diameter of 14 in., length of 4.75 ft, and containing a perforated
conical baffle at the entrance and a set of screens. The nozzle throat diameter is 0.58 in., the test section
diameter is 18 in., and the length from the throat to the test section is 8.9 ft. Windows are located on
both sides and the top of the test section.

A model injection system beneath the test section allows models up to 27 in. in length to be rapidly
injected at fixed angles of attack and sideslip; a variable angle strut exists for the force tests. Flow is
exhausted into two vacuum spheres, 41 ft and 60 ft in diameter, which provides a run time of 90 seconds.



31-Inch Mach 10 Tunnel:

The 31-Inch Mach 10 Tunnel, formerly known as the Continuous Flow Hypersonic Tunnel, was designed
a blowdown start, continuous running facility. Constructed in 1959 to 1962, the first blowdown run was
made in 1962 and the first continuous run was made in 1964. Due to energy conservation measures
instituted in the mid 1970’s, the facility was converted to blowdown operation and so continues to operate
in that mode. It consists of a high pressure air storage system having an internal volume of 875 ft3 and
rated at 5000 psi maximum, a 15-Mw electrical resistance heater located in a vertical pressure vessel,
a 12-in-diameter settling chamber, a square nozzle and test section, adjustable second minimum, after
cooler, vacuum spheres, and vacuum pumps. The settling chamber, nozzle and test section, adjustable
second minimum, after cooler, vacuum spheres, and vacuum pumps. The settling chamber, nozzle throat
section, test section, adjustable second minimum, and subsonic diffuser are all water cooled. The settling
chamber is equipped with screens at the upstream end and is faired into the upstream end of a square
nozzle which is 1.07 in. by 1.07 in. at the throat.

Models are supported on a hydraulically-operated injection system located on the side of the test
section. Run times are approximately 30 seconds in length; Reynolds numbers range from about 0.5 to
about 2.5 million/foot.

Hypersonic Nitrogen Tunnel:

This tunnel was initially operated in 1964. High purity liquid nitrogen flows from a 4000-gallon storage
vessel to a conversion unit which pumps the LN2 up to 8000 psi and converts it to a gas which then exits
into four surge tanks and then passes through a flow control valve which regulates the mass flow to
produce the desired stagnation pressure.

The test gas enters the downstream portion of the pressure reservoir designed to withstand an internal
pressure of 20,000 psi and flows around the outside surface of the refractory metallic throat (to cool
the throat) into that portion of the reservoir containing the heater assembly where it is heated up to
approximately 3000°F. The heated nitrogen then expands through the axisymmetric contoured nozzle
which has a throat diameter of about 0.110 inch, an exit diameter of 16 inches, and a length of 20.5 feet,
into the open test section through the diffuser and into the 100 foot vacuum sphere. Run times up to
60 minutes are possible; test Reynolds number are about 0.4 million/foot.

Hypersonic Helium Tunnel:

The helium tunnel is an intermittent closed-cycle, blowdown tunnel initially operated in 1960. It
is capable of operating over a large Mach number range (nominally 18-26, although the primary Mach
number is 22) by interchanging throat sections of the axisymmetric contoured nozzle. High purity helium
is supplied from a high pressure storage system (designed for 5000 psi) through an in-line, 67 kw electrical
resistance heater capable of heating the gas to a maximum temperature of approximately 860°R. (The
tunnel is ordinarily operated with helium at ambient temperature; therefore, the heater is utilized only as
required.) The helium flows through the nozzle which has a throat diameter of 0.620 inch, an exit diameter
of 22 inches, and a length of 11.6 feet, into the test section, through the diffuser, and is exhausted into two
60-foot vacuum spheres from where it is reclaimed, purified, and compressed into high pressure tanks for
reuse. Run times are on the order of 30 seconds; test Reynolds numbers range from 1 to 12 million/foot.

Open Jet Leg/Hypersonic Helium Tunnel:
The open jet leg was added to the helium tunnel in the early 1970’s and uses the same helium supply

system, heater, vacuum system (including spheres), purifiers, and compressors. This addition includes
two axisymmetric contoured nozzles designed to produce Mach numbers of approximately 22 and 40.



F.Y. 88 HIGHLIGHTS AND ACCOMPLISHMENTS
ATMOSPHERIC SCIENCES DIVISION

The Atmospheric Sciences Division is a leader in the area of atmospheric sciences. Its researchers are
involved in seeking a more detailed understanding of the origins, distributions, chemistry, and transport
mechanisms that govern the regional and global distributions, chemistry, and transport mechanisms that
govern the regional and global distributions of tropospheric and stratospheric gases and aerosols, and
in the study of the Earth radiation budget and its effect on climate processes. The research seeks to
better understand both natural and anthropogenic processes and covers a wide spectrum of activities,
including the development of theoretical and empirical medals; collection of experimental data from in
situ and remote sensing instruments designed, developed, and fabricated at NASA Langley; organization
of extended field experiments; and development of data management systems for the efficient processing
and interpretation of data derived from airborne and satellite instruments. (An organization chart for
the Atmospheric Sciences Division is shown in fig. 4) Major accomplishments for F.Y. 1988 follow.
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CHEMISTRY AND DYNAMICS BRANCH

Airborne Lidar Measurements of QOzone and Aerosols
During 1987 Antarctic Ozone Experiment

The Langley Research Center airborne differential absorption lidar (DIAL) system was operated from
the Ames Research Center DC-8 aircraft to obtain profiles of ozone and polar stratospheric clouds (PSCs)
in the lower stratosphere during the 1987 Airborne Antarctic Ozone Experiment (AAOE). A total of 13
long-range flights were made over Antarctica from Punta Arenas, Chile, from August 28 to September
29, 1987. During the development of the ozone hole over Antarctica, DIAL measurements of ozone and
aerosol profiles were obtained in the altitude region from 11 to 22 km. An example of the measurement
of the depletion of ozone over Antarctica is shown in the figure. The primary altitude region of the ozone
reduction was found to be between 15 to 22 km. Over the period of this field experiment, the average
ozone concentration at high latitudes (> 75°S) decreased by more than 50 percent. Along with ozone,
PSCs were detected in the altitude region from 11 to 21 km. Many of the PSCs were found to be very
large in vertical and horizontal extent. Some of the larger PSCs extended more than 5 km in altitude
with considerable vertical structure. The horizontal extent of larger PSCs was greater than 10° latitude
(>1000 km). The PSCs have been associated with the depletion of ozone and exist in the coldest regions
(<195 K) of the Antarctic stratosphere.

(Edward V. Browell, 2576)



‘am3y sy} Jo

oIe SUOI}RIJUIIUOD SUOZO YT, "L861 ‘gz loquiajdas

WO owIayds I0[09 dY} 03 3uIiplodde oddeur
doy a3 yos I0[0d ayj 03 SUIp p IR e N

uo worPIRUY UL (S.€9 <) SIPMINE ySry 10a0 uopR[dep du0ZO JO S)UAUWIAINSEI
NOT NOUWZITIVWEON- @

-

TONCT M

V1 S

S[OAY]
JuozQ
dudIRIUY

T
o
<C
oz
IS
2

Mcuo

<

o.
|98}

<=

g

mw

(L e

C =z
<
Y
O
<
wal
m

m R M M
00¢d 0002 006l 000l 00¢
Addd "OILVY ONIXIW 3INQIC

NOILNEI¥L1SIa INOZO




THEORETICAL STUDIES BRANCH
Fire and Biogenic Emissions of Methane

Methane (CHy), only a trace gas in the atmospliere, is a key player in the chemistry of the lower and
upper atmosphere. In addition, methane is a greenhouse gas that impacts the global temperature of our
planet.

Most of the world’s supply of atmospheric methane is produced by microorganisms living in oxygen-
deficient environments, such as wetlands and swamps. Recently, researchers at Langley Research Center
discovered that the biogenic emissions of methane were significantly enhanced after a fire spread through
a wetlands. The controlled fire took place at the Kennedy Space Center on November 9, 1987. Prior
to the fire, biogenic emissions of methane from the wetlands were below the sensitivity threshold of the
instrumentation. After the fire, both measurement sites containing diverse wetlands vegetation (Site
1: Juncus Effusus and Site 2: Spartina Bakeri) showed significantly enhanced methane emissions. No
methane emissions were detected from the unburned controlled sites. All of these wetlands sites had 7¥%2
to 11 in. of standing water during the measurements. The methane fluxes before and after the fire are
gshown in the figure. The broken line represents the measurements uncorrected for water temperature
effects; the solid line represents the temperature-corrected measurements.

These measurements are the first data to show the significant effect that fire has on the biogenic
emissions of methane. This is very important since the world’s wetlands are very susceptible to
burning from lightning-induced wildfires. These measurements identify another important link in the
biogeochemical cycling of trace gases between the biosphere and the atmosphere. This research was

performed in collaboration with personnel from the Kennedy Space Center and the United States Fish
and Wildlife Service.

(Joel S. Levine, 2817 and Wesley R. Cofer III)
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Interim Reference Model for Middle Atmosphere Water Vapor

Water vapor is an important minor constituent in studies of the middle atmosphere for a variety of
reasons, including its role as a source for active hydrogen-oxygen chemical radicals that affect ozone and its
use in analysis of transport processes. Until recently, only estimates of the actual water vapor profile were
available. Enough data have been obtained now by two different remote measurement techniques that an
interim reference profile can be reported for Northern Hemisphere mid-latitudes during springtime and
from a pressure-altitude range of 100 mb to 0.01 mb (about 15 km to 80 km in height, respectively).
First, the Nimbus 7 Limb Infrared Monitor of the Stratosphere (LIMS) data obtained during 1979
yielded results from 100 mb to 0.5 mb. Then an extensive series of ground-based, microwave-emission
radiometer measurements at the Jet Propulsion Laboratory at Penn State University during spring 1984
were employed to extend the results from 0.2 mb to 0.01 mb. The combination of those two different data
sets yields the water vapor profile in parts per million by volume (ppmv) in the figure. The horizontal
bars represent the observed variability of the data, while values in parentheses indicate accuracies for the
mean profile.

Gradual increases of water vapor from the mid-stratosphere (10 mb) to the lower mesosphere (0.5 mb)
are consistent with ideas about the formation of water vapor from the oxidation of methane. The decrease
from 0.1 mb to 0.01 mb is due primarily to the photodissociation of water vapor by ultraviolet light and
Lyman-alpha radiation. The position of the peak mixing ratio near 0.2 mb is not known as well, and its
value is uncertain by 25 percent. Data from other latitude ranges and seasons are needed, particularly in
the mesosphere, to determine whether this interim profile is representative of the global annual average.

(Ellis E. Remsberg, 3306 and James M. Russell III)

10
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AEROSAL RESEARCH BRANCH
Satellite Studies of Upper Free Tropospheric Aerosols

The nature and optical scattering characteristics of aerosols in the upper free troposphere are not well
understood at the present time. Little in situ sampling has taken place, and the relatively low aerosol
concentration makes remote sensing difficult. Considerable current interest in this region does exist due to
the Laser Atmospheric Wind Sounder (LAWS) program, which hopes to develop an instrument to measure
wind velocity on a global scale. This instrument would use, as part of its operation, the backscatter from
atmospheric aerosols and, therefore, there is a need to know the expected magnitude of this backscattered
signal.

The SAM II/SAGE I/SAGE II series of satellites were designed to measure, using solar occultation
techniques, the optical extinction produced by stratospheric aerosols at a wavelength of 1 um. However,
in the absence of high-altitude clouds, these measurements extend downward into the troposphere.
Therefore, the SAGE I data set from 1979 to 1981, and the SAGE II data set from 1984 to 1987, have
been studied in order to determine the extinction characteristics of the upper tropospheric aerosol, as a
function of altitude, latitude, and time. The aerosol extinction at 1 gm wavelength has been analyzed
in terms of its ratio to the molecular extinction at the same location and time. 'This ratio is found to
have distinct modal characteristics and the principal mode, which is well defined, is believed to be a good
descriptor for the aerosol optical properties.

The principal extinction ratio mode, at a wavelength of 1 pm, is found to be fairly constant with
altitude, from 5 km to approximately 3 km below the tropopause. Its value does, however, depend upon
latitude, season, and volcanic activity. This fact is illustrated in the figure, which shows SAGE I and
SAGE II data, divided according to latitude band and season. SAGE II data have a greater signal-to-noise
ratio than those from SAGE I and show a distinct seasonal variation that is in antiphase in the northern
and southern hemispheres. There is also a temporal decrease between 1984 and 1987, due to decay of
the aerosol enhancement that occurred in the stratosphere and in the upper troposphere following the
eruption of the El Chichon volcano in April 1982. Both SAGE I and SAGE II data show that the aerosol
extinction north of 40°N is considerably greater than that south of 40°N latitude. It is not yet known if
this variation is determined by the global distribution of land mass, or if anthropogenic sources are the
driving influence.

(M. P. McCormick, 2065)

12
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Airborne Lidar Observations of Arctic Polar Stratospheric Clouds

Polar stratospheric clouds (PSCs) have been observed frequently during both polar winters since 1979
by the orbiting SAM II (Stratospheric Aerosol Measurement II) sensor. The clouds occur in regions of
very cold stratospheric temperatures (below approximately 195 K) and, in Antarctica, are often large
in spatial scale and persist over the entire winter and into spring. Recent evidence points to PSCs as a
major catalyst in the development of the springtime Antarctic ozone hole. Hydrated nitric acid (Type I)
PSCs forming at temperatures above the frost point may consume a large fraction of the local gaseous
odd nitrogen supply and subvert the otherwise rapid formation of inert chlorine reservoirs such as chlorine
nitrate. At temperatures below the frost point, Type I particles can serve as nuclei for the formation of
Type II PSC particles, which are predominantly water-ice and can grow to sizes such that gravitational
settling (i.e., removal of the condensed nitric acid and water vapor) is significant. In addition, both Type I
and Type II particles are thought to provide favorable surfaces for heterogeneous (mixed-phase) chemical
reactions that liberate active (ozone-destructive) chlorine species.

In cooperation with the European CHEOPS 2 (Chemistry of Ozone in the Polar Stratosphere)
campaign, a PSC formation was probed in the 21- to 24-km altitude range north of Greenland (82°N to
84°N, 0°W to 25°W) on January 29, 1988, using a dual-polarization, 0.532-um wavelength lidar system
mounted aboard the NASA Wallops P-3 aircraft. Temperatures near the 22-km level were between 191 K
and 193 K, which is well above the estimated frost point temperature of 185 K. These temperatures
indicate that the PSCs were of the Type I, hydrated nitric acid class. Peak scattering ratios of 1.1 to
1.2 were measured in the PSC layer, compared to values near 1.05 for the ambient stratospheric aerosol
over the same altitude range. Profiles of the depolarization ratio distinctly showed the PSC layer, but
maximum values were in the range of 0.06, only slightly greater than the value measured in cloud-free
regions (0.04) and well below the value typical of cirrus clouds and small ice crystals (0.3). This signature
suggests that the observed Type I PSCs were composed of small, solid particles having radii on the order
of 0.5 pum; this corroborates recent theoretical calculations and experimental observations of Type I PSCs
in Antarctica.

(L. R. Poole, 2065)

14
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Change in Mid-Latitude Ozone Profile

In late 1986, the Ozone Trends Panel was formed by NASA in cooperation with several national
and international agencies to critically review all ground-based and satellite ozone measurements. The
motivation for the formation of the panel stemmed from analyses of the Solar Backscatter Uliraviolet
(SBUV) and Total Ozone Mapping Spectrometer (I'OMS) satellite data that indicated large negative
trends in global ozone had occurred over a period of approximately 7 years. The magnitude of the change
in ozone concentration at 50 km, for example, was calculated as 3 percent per year from the SBUV
measurements, while TOMS showed global column decreases since 1979 were approximately 1 percent
per year. Data from the ground-based Dobson network also indicated that the total column ozone had
decreased on a global scale significantly but to a lesser extent than reported by the aforementioned satellite
data. The urgency of the situation was exacerbated by the large decreases found during the Antarctic
springtime.

One of the final conclusions of the Ozone Trends Panel was that the trends observed in the SBUV
data were caused by incorrect modeling of the degradation of an optical component necessary for the
instrument’s calibration. Major evidence for this conclusion came from the analysis of the self-calibrating
SAGE I (Stratospheric Aerosol and Gas Experiment) and SAGE II ozone data sets over the period of
time coincident with the SBUV measurements.

The change in ozone measured by SAGE I (February 1979 to November 1981) and SAGE II (October
1984 to November 1987) was computed so that biases due to the natural interannual ozone variability
would have a minimal impact on the trend estimate. Ozone profiles were grouped into latitude bands
10° wide centered on the equator, latitudes of 20°N, 30°N, 40°N, and 50°N, and 20°S, 30°S, 40°S, and
50°S. SAGE I and SAGE II profiles were used when both data sets contained measurements occurring
within the same month in the year. The percentage difference profile was computed for each month using
SAGE I as the reference point. The collection of all monthly percentage difference profiles spanning the
latitude bands in each hemisphere between 20° and 50° was averaged to obtain the mean percentage
difference profile. The combined sample contained on the order of 2500 SAGE I profiles and 6000 SAGE
I1 profiles for each hemisphere. The resulting ozone change profiles appear in the figure. Note that the
ozone change is only between ~3 and +1 percent and that both hemispheres show essentially the same
vertical structure. The systematic error between SAGE I and II is estimated to be no more than +4
percent. Thus, these results do not support the large 03 changes reported based on SBUV data. Further,
they support the altitude shape and magnitude of model results for 03 change. In addition, the SAGE
results are consistent with the observed temperature changes in the tropics.

(M. P. McCormick, 2065)
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RADIATION SCIENCES BRANCH
Spatial Structure of Radiation, Vapor, and Liquid Water in the Atmosphere

Satellite radiometry permits the retrieval of many basic tropospheric constituents. The fields of
reflected and emitted radiation, water vapor, precipitation, and cloudiness all interact thermodynamically
to drive global weather. Atmospheric models indicate that better observation of these fields will facilitate
the statistical prediction of climate variations on the scale of a few months.

Data from the Nimbus 7 spacecraft have been processed to display the basic spatial structure of
tropospheric constituents using the empirical orthogonal function (EOF) analysis on a monthly scale. The
EOF analysis permits data to be compacted and expressed in a small number of eigenvectors; physical
relationships between fields may then be more easily elucidated. The column loading of the water vapor
field (labeled “vapor” in the figure) generally has a simple geographical structure over the tropical and
mid-latitude oceans; the first few eigenvectors can explain more than 80 percent of the monthly variance.
The field of suspended atmospheric liquid water (labeled “liquid” in the figure), composed of mostly
precipitation-sized particles, is more chaotic; several eigenvectors are needed to describe one-half of the
variance. The spatial structure of the outgoing thermal infrared radiation is also less ordered than that
of the water vapor. Langley Research Center scientists are presently using EOF analyses of water vapor,
radiation, and other fields in studies of long-range atmospheric prediction.

(Thomas P. Charlock, 2977)
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Improved Understanding of Shortwave Reflectance Patterns

The Earth Radiation Budget Experiment (ERBE) has provided a unique opportunity to study the
distribution of shortwave radiation as it is viewed from space. The scanning radiometer on the ERBE
spacecralt has been operated in an alongtrack scanning mode that provides a nearly instantaneous view of
any location along the groundtrack over the entire available range of viewing zenith angles. This scanning
pattern not only provides a complete “slice” through the radiance distribution at essentially constant
solar zenith angle and at a pair of nearly constant relative azimuth angles, but also provides a detailed
view of how the function must behave under a well-specified set of angular conditions.

The figure illustrates a set of radiances measured over the Sahara Desert on August 13, 1985, at a
solar zenith angle 8, of 52°. Each ERBE-defined scene category is represented by a pair of numbers
which represents the forward- and backward-looking portions of the instrument scan. The clear surface
radiances have significant variability as a function of relative azimuth angle; this is caused by a combination
of surface-related effects and molecular and aerosol scattering in the atmosphere, and is in qualitative
agreement with theory. The mostly cloudy and overcast scenes are substantially brighter and more
variable than the other two scenes. Because of the highly variable nature of cloud cover, the theoretical
distribution of radiances from cloudy scenes is less well understood than for clear scenes.

(David R. Brooks, 2977)
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Variability in Solar Constant: Climate Forcing Function

The solar constant is one of the most important forcing functions in the Earth climate system and the
primary energy source for the Earth. A series of Earth Radiation Budget Experiment active-cavity-type
radiometers, called the solar monitor, has been used successfully to detect variability in the solar constant.
These monitors were placed aboard the NASA Earth Radiation Budget Satellite (ERBS) and the National
Oceanic and Atmospheric Administration (NOAA) 9 and 10 spacecraft platforms during October 1984,
December 1984, and September 1986, respectively.

In the figure, recent measurements of the ERBE solar monitors are presented as a function of time.
The most obvious features in the combined time series are the decreasing trend before September 1986
and the increasing trend thereafter. Since September 1986 marks the start of sunspot cycle number 22
and the reversal in the magnetic poles of the Sun, the trends in the time series may be correlated with
either the 11-year sunspot cycle or the 22-year solar magnetic cycle.

The ERBE measurements suggest that a data base of at least 44 years is needed to separate the
climatically forcing changes in the solar constant from those cyclic changes that are associated with the
11-year sunspot or 22-year solar magnetic cycle.

(R. B. Lee III, 2977)
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ATMOSPHERIC STUDIES BRANCH
Tropospheric Ozone: Antarctic Ozone Hole

While emphasis has been placed on studying the stratosphere, its chemistry and dynamics associated
with ozone hole formation and growth, and the net effect on global stratospheric ozone, it is also necessary
to consider tropospheric effects. Such questions as the extent to which the ozone hole penetrates into
the troposphere, the net mass exchange between the troposphere and the stratosphere, and whether the
events in the stratosphere result in a net ozone change in the troposphere are important to understand
ozone hole chemistry and the dynamics and net global effect of the hole.

Tropospheric ozone data obtained during the fall 1987 flights of the Ames Research Center DC-8
aircraft over Antarctica suggest that while tropospheric ozone changes are noted at flight altitudes from
10 to 12 km, these changes appear to be restricted to altitudes above approximately 9 km and localized
to the vicinity of the hole. Ozone data at Punta Arenas, Chile, over a 1-month time frame, suggest
little net change in background tropospheric ozone, if it is assumed that data at Punta Arenas (53°S) are
representative of southern hemispheric ozone and that synoptic changes in tropospheric ozone would be
detected at 53°S with the northern boundary of the hole at 65°S to 70°S. In addition and as shown by
the single data set, ozone at the South Pole and at Punta Arenas are nearly identical.

These results should not be interpreted as the troposphere being completely decoupled from strato-
spheric ozone hole effects. Locally and beneath the hole boundaries, tropospheric ozone shows sizable
variation ranging from nominal background values of 20 to 50 ppbv to several hundred ppbv in “patches”
or “pockets” of descended tropopause or stratospheric air. The ozone beneath the hole can average two
to three times the background values. These pockets of descending air occur with high frequency beneath
the hole boundary. In addition, the frequency of occurrence increased as the ozone hole deepened or grew
from late August to early October. While more tropospheric data are required to conclusively answer
these questions, initial observations suggest that the troposphere effects are restricted to the localized
areas near the hole and then only to altitudes above approximately 9 or 10 km.

(Gerald L. Gregory, 4341)
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Amazon Rain Forest: An Ozone Sink

Tropical ecosystems are of considerable importance for atmospheric chemistry. Forested and wetland
environments in the tropics store and cycle a significant fraction of the total carbon and nitrogen in the
Earth’s biosphere-atmosphere-ocean system. The biosphere acts as a source and/or sink for numerous
atmospheric gases, some of which are major participants in photochemical and radiative transfer processes
that determine the atmospheric chemical composition and climate of the Earth.

Data have shown the rain forest to be a significant sink for tropospheric ozone. Even during periods
of significant biomass burning in which photochemistry results in a net production of ozone in the mixed
layer, the role of the forest sink does not go unnoticed. This sink is effective across the entire Amazon
Basin. In the absence of significant biomass burning and resultant photochemistry, the surface sink is
the dominant reaction affecting ozone in the tropical troposphere below the trade wind inversion. This
reaction is largely the result of the consistency and strength of the sink and the constant mixing of the
tropical troposphere as the result of the continuously forming, growing, and decaying convective cloud
systems. The effectiveness of the surface sink can be seen by the consistency in which ozone profiles over
the forest exhibit a negative gradient to the surface. The consistency of the surface sink itself is suggested
by the observation of limited variability (excluding the biomass burning case) of ozone diurnally and on
a day-to-day basis. As indicated, ozone at a given altitude and for a given season lies within about an
envelope of 10 to 15 ppbv. Data show that in terms of lowering tropospheric ozone, the net effect of this
surface sink is greater in the wet season than the dry season. This condition is probably more the result
of improved mixing (i.e., improved communication between the surface and the overriding troposphere)
associated with enhanced convection during the wet season rather than any magnitude increase in the
strength of surface sink mechanisms.

(Gerald L. Gregory and Linda Warren, 4341)
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Trace Gas Emissions From Wildfires, Agricultural
Burning, and Deforestation

Recently the National Academy of Sciences (1984 and 1986) recommended that major research efforts
be undertaken to better characterize trace gas emissions from biomass (vegetation) burning. Emissions
from large fires may contribute substantially to the global atmospheric budgets of carbon dioxide (CO3),
carbon monoxide (CO), methane (CHy4), nitrous oxide (N30), other oxides of nitrogen (NOx), hydrogen
(Hg), and numerous other trace gases. Many of these trace gases are very important in atmospheric
chemistry and photochemistry (e.g., N2O is responsible for most of the destruction of ozone in the
stratosphere) and several (CO5, CHy4, and N2O) are greenhouse gases that are instrumental in regulating
radiative transfer in the lower atmosphere, thus ultimately influencing our global climate.

Helicopters were used at low altitudes (= 50 m above the fires) to collect smoke samples during
several large (> 500 acres) prescribed fires of dissimilar vegetation to assess the role of vegetation type
on the nature of the trace gas emissions. Gas collections were made above burning chaparral in southern
California, boreal forest in northern Ontario, Canada, and grassy wetlands in Florida. COq-normalized
emission ratios for the primary trace gases (AX/A COy; V/V; X = trace gas) produced in these fires
are shown in the figure. COg-normalization allows the comparison of reduced gas production during
combustion from each vegetative type with the primary and fully oxidized combustion product, CO4. As
can be seen in the figure, emission ratios determined for CO, H, CH4, and N9O over vastly different
vegetative habitats have revealed small differences. Although these results are based on a small sampling
of vegetation, they do tend to suggest that vegetation type is not a major parameter in determining the
composition of trace gas emissions from biomass fires. If so, modeling fire emissions on a global scale
will be facilitated since vegetation type ( which varies substantially on a global scale) should be of less
consequence in determining the nature of the emissions than previously felt.

(W. R. Cofer III, 4372 and J. S. Levine)
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SPACE SYSTEMS DIVISION

The Space Systems Division conducts research on and systems analysis of advanced transportation
systems, large space systems, and space station concepts, as well as basic research on energy conversion
techniques for potential space application. The division is a leader in the development of highly interactive
and user-friendly computer-aided design (CAD) tools that enable the rapid evaluation of system concepts
and the identification of technologies necessary for the development of space transporation systems, large
space systems, and the Space Station Freedom. The evaluation of advanced space transportation systems
covers a wide range of capability, including Earth-to-orbit vehicles, Shuttle II, orbit-on-demand launches,
services vehicles, and orbital transfer vehicles.

The development of orbiter experiments that utilize the Shuttle as a reentry research vehicle to study
aerothermodynamic and aerodynamic characteristics has been a key activity and one which will provide
the data base required for the development of advanced vehicle systems.

An organization chart of the Space Systems Division is shown in figure 5. Major accomplishments for
F.Y. 1988 follow.
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Exploratory Hypersonic Helium Tests on Inlet

The emphasis on the National Aero-Space Plane (NASP) as generated the need to extend simple inlet
testing to high Mach numbers. A variety of simple inlet models existed that had -been tested at M = 4
in air. One was adapted for installation in the Langley Hypersonic Helium Tunnel with modifications to
provide for additional parametric variations. Contraction ratio, cowl position and sweep, and Reynolds
number were among the test variables considered. Measured data included pressures on the centerline
and at two locations on the side walls. Flow visualization was provided by the electron beam technique.
Concerns included the possibility of an unstarted tunnel or inlet because there was no previous test
experience either in this facility or others at these high Mach numbers (M = 20). Test objectives included
determining our ability to test reasonably sized inlets at M = 20 in helium and to generate sufficient data
for computational fluid dynamics (CFD) calibration.

Tunnel flow conditions were fully established for the extremes of tunnel operation (M = 18 to 22 and
Reynolds number = 2 x 108 to 12 x 106). Measured pressures and flow visualization data were obtained
for both started and unstarted inlets, depending on inlet configuration and test conditions. Both 30° and
70° swept inlets appeared to start at contraction ratios of 4 and 5 with the cowl at the throat. Moving the
cowl forward produced unstarted flow for the 30° inlet, but the 70° inlet remained started at the lower
contraction ratio. All configurations exhibited possible corner flow effects and flow separation. Results
confirm our ability to determine internal pressure, shock structure, surface flow structure, and mass flow
of a variety of inlet configurations at M = 20 for CFD calibration.

(W. C. Woods, 3984)
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Experimental and Predicted Pressure and Heating
Distributions for Aeroassist Flight Experiment Vehicle in
Air at Mach 10

Development of an extensive aerodynamic and aerothermodynamic data base for the AFE is in progress
at the Langley Research Center. This data base will provide a better understanding of the AFE vehicle
performance and is expected to be of great importance to the designers of the AFE aeroshell, the principal
investigators of the onboard experiments, and the computational fluid dynamics (CFD) community. In
addition, the present results will be used to validate CFD codes and ground-to-flight extrapolations for
use in future aeroassisted orbital transfer vehicle (AOTV) designs.

Recently, tests were performed in Mach 10 air, over a range of Reynolds numbers, on 0.022-scale (3.67-
in. diameter) models of the AFE to obtain detailed pressure and heating distributions. Results indicate a
negligible effect of Reynolds number on measured pressure and heat-transfer distributions for the present
test conditions. Good agreement was noted when predictions from an inviscid flow field code, known as
HALIS (High Alpha Inviscid Solution), were compared with these experimental data. Modified Newtonian
theory was also compared with these data and found to be in good agreement over the nose and skirt of the
configuration, but in poor agreement over the cone section. For heat-transfer distributions, decreasing
a from 15° to -10° caused a movement of the stagnation region up and around the nose and onto
the skirt. Heat transfer rates predicted with Program LAURA (Langley Aerothermodynamic Upwind
Relaxation Algorithm, a Navier-Stokes solver) and AA3DBL (Axisymmetric Analogue 3-Dimensional
Boundary Layer, a viscous boundary-layer solver) were generally lower than measured values; however,
both codes qualitatively captured the heating trends of the data with angle of attack. Predictions of
LAURA were generally in better agreement with measurement, as shown.

(John R. Micol, 3984)
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Shuttle Crew Escape Tube Study

The Presidential Commission on the Space Shuttle Challenger Accident asked NASA to investigate
means of successful crew bailout from the Space Shuttle orbiter. “Recommendation VII-Launch Abort
and Crew Escape” states that the Agency should “make all efforts to provide a crew escape system for
use during controlled gliding flight.” This recommendation covers a situation during an abort on ascent
in which the orbiter has safely separated from the external tank and solid rocket boosters and slowed to
subsonic speeds, but cannot reach a suitable landing site.

A similar situation may also occur during an entry in which a guidance or other malfunction has
occurred, and a safe landing is impossible. _

A previous investigation conducted at the Langley Research Center indicated that successful unassisted
crew bailout from the orbiter may not be possible. Therefore, current work has concentrated on
augmenting crew egress. One proposed escape system uses an inflatable elastic/fabric Airmat tube that
is deployed out of the orbiter’s main hatch and down the side of the fuselage. The crew members slide
through the tube and exit below the wing (as shown in the first figure).

Two wind tunnel tests have been conducted. The first test, in the Langley 12-Foot Low-Speed Tunnel,
determined that safe bailout could be accomplished if the tube extended at least 42 in. below the hatch
(as shown in the second figure). This places the opening of the tube 12 in. below the centerline of the wing
leading edge. The second test, in the Low Turbulence Pressure Tunnel, determined that the deployed
escape tube had only a minor effect on the aerodynamics of the orbiter. Small control adjustments could
easily compensate for the presence of the tube. Measurements indicated that the air loads on the tube
were within the capabilities of the Airmat structure.

(George M. Ware, Bernard Spencer, Jr., Joseph D. Pride, Jr., Andrew S. Wright, Jr., and Homer F. Rush,
Jr., 3984)
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Heating Distributions in Wake of Aeroassist Flight Experiment Vehicle Configuration

As part of an extensive experimental program to develop an aerodynamic and aerothermodynamic
data base for the Aeroassist Flight Experiment (AFE) configuration, a test series has been conducted
in hypersonic wind tunnels to determine heating distributions and streamline directions on a cylindrical
surface in the near wake of the AFE aerobrake configuration. The flow immediately downstream of the
aerobrake is in a region of much interest because it is here that manned and unmanned payloads will be
carried by future aeroassisted orbital transfer vehicles (AOTVs). The flow field is very complex in this
near-wake region in which one of the primary features is the free shear layer that expands from around the
periphery of the aft edge of the aerobrake and converges at approximately one to two aerobrake diameters
downstream. Within the shear-layer envelope, the flow recirculates in the lee of the aerobrake, while
exterior to the envelope, supersonic flow continues downstream. Impingement of the high-energy shear
layer on a surface (e.g., payload) can result in localized high heating.

The experimental test results revealed that heating was greatest along the upper surface of the cylinder
in the symmetry plane of the aerobrake and decreased monotonically around the cylinder in the direction
of the lower surface. Along the length of the cylinder, maximum heating occurred at the shear-layer
impingement location and increased in magnitude as the impingement location moved upstream with
decreasing angle of attack. At a given angle of attack, a decrease in Reynolds number moved the
impingement location downstream, decreased the value of maximum heating, and spread the heating
over a large surface area.

(William L. Wells, 3984)
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Miniaturized Water-Cooled Pitot-Pressure Probe for
Flow Field Surveys in Hypersonic Wind Tunnels

Pitot pressure is among the measurable parameters that are useful for defining the flow conditions
about an aerodynamic configuration, and, in general, a pitot-pressure probe is among the simplest to
fabricate and use. However, the need for accurately measured pitot-pressure profiles in the relatively thin
shock layer about models at hypersonic speeds, to evaluate and calibrate computational fluid dynamic
computer codes, places constraints on tube size, pressure settling-time, and transducer temperature.

By locating the pressure transducer within the probe body and cooling it, a pitot-pressure survey probe
has been reduced in size to minimize its intrusive interference effect on the flow field and simultaneously
maintain a relatively fast response.

The probe, which has an 0.013-in. outside diameter, has an internal chamfer of 60° to minimize
flow angularity effects and an oval shapes tip for aerodynamic efficiency. The transducer is located
approximately 2.50 in. from the probe tip for rapid response. Water cooling reduces the temperature
at the transducer during the tunnel tests drom 325°F to 103°F, which is normally low enough to avoid
thermal effects on the accuracy of the transducer.

Comparison of the pitot-pressure profiles in the flow field about a 2:1 elliptical cone in the Langley
20-Inch Mach 6 Tunnel, obtained with the subject probe and with a larger probe, shows the elimination
of the intrusive pressure peak near the model surface by the use of the smaller probe.

(George C. Ashby, Jr., 3984)
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Supersonic Characteristics of Modified
Circular Body Vehicles

One concept now under study as an advanced Space Transportation System is based on the requirement
of full reusability. This results in a single-stage-to-orbit vehicle that carries propellant internally, is
launched vertically, and lands horizontally. The basic configuration consists of a fuselage having a circular
cross section, a cropped delta wing, and a large vertical tail. The circular body vehicle is 197 ft long,
which is about twice the size of the Space Shuttle orbiter. This study has been expanded to ascertain the
effects of two alternate versions on the aerodynamic characteristics. One version employed wing tip fins
instead of the vertical tail, whereas the second version used a small nose-mounted dorsal fin with fuselage
side brakes. Force-and-moment tests were conducted in the Unitary Plan Wind Tunnel at Mach numbers
of 2.3, 2.96, 3.9, and 4.6. Data on the basic vehicle and the two alternate versions were obtained over an
angle-of-attack range of 0° to 20° at a Reynolds number of 4.3 x 10° based on fuselage length.

For all three models, stable trim conditions were obtained at M = 3.9 and 4.6 by using elevon
controls. The vertical-tail model yielded stable trim at the two lower Mach numbers. The tip fin and
dorsal versions generally had only neutral stability for M = 2.96. At M = 2.3, the dorsal model indicated
stable conditions at the operational angle of attack of 10°, whereas the tip fin model was unstable. With
the center of gravity located at 72 percent of the fuselage length, the tip fin and dorsal versions were
directionally unstable. Directional stability existed for the vertical-tail model, but only at angles of
attack below approximately 10°. A positive effective dihedral was obtained over the angle-of-attack range
of 0° to 22° for the vertical-tail model. For the other two versions, a positive dihedral was indicated at
angles of attack above approximately 10°. In general, it appears the basic model with the large vertical
tail yielded better longitudinal and directional stability characteristics when compared with the alternate
versions.

(P. T. Bernot, 3984)
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Development of a Thermal Imaging Technique
Using Two-Color Thermographic Phosphors

A thermal imaging technique has been developed for wind tunnel surface temperature mapping using
thermal luminescent characteristics of a temperature-sensitive phosphor coating. ‘The technique has
potential for quantitative surface temperature measurements to provide temperature-time data necessary
for thin-film heat transfer calculations. With this technique, aerothermodynamic hypersonic wind tunnel
test models can be constructed at a fraction of present model costs, and much more quickly, since intricate
thermal instrumentation and wiring of these small models can be replaced by a simple coating. Also,
since the phosphor mechanism is completely reversible, model test setup times are significantly reduced
in comparison with phase-change paint techniques and other commonly used thermal chemical coatings
because a given model can be tested over and over again with only a single coating.

The technique is implemented by using a ratio of the measured blue-to-green (450, 520 nm) emission
from a phosphor coating excited by an ultraviolet (365 nm) source. Separately filtered images are recorded
from a three-tube color camera, utilizing off-the-shelf front-end video optics to discriminate wavelengths.
Digital processing is used to calculate surface temperature profiles from video image data.

Tests demonstrating the Thermal Imaging System (TIS) were performed in the 31-Inch Mach 10 Tunnel
using phosphor-coated cast ceramic models. Shown in the figure is a windward surface temperature
mapping on an 1l-in. strake/wing transatmospheric vehicle. Tests also included a 12.84°/7° straight
biconic with a 3-in. base, and a 9-5-in. slender blunted cone. Image data were recorded on ¥sin. videotape
and processed at the Langley Research Center Image Processing Laboratory.

Feasibility of the technique has been successfully demonstrated with the available equipment for
recording and processing image data. Work is currently under way to develop a dedicated digital
acquisition/image processing system that will provide much higher data quality along with on-site data
processing capability.

(Gregory M. Buck, 3984)
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Windward surface temperature mapping on a transatmospheric model in 31-Inch Mach 10 Tunnel.
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Hypervelocity Aerophysics Facility Workshop

As part of an effort to assess the viability and technology requirements of a bold concept for
greatly expanding the Nation’s hypervelocity test capability, a workshop was held on May 10 to 11,
1988, at Langley Research Center for the purpose of conducting a critical review of a concept for
a large hypervelocity ballistic range test facility. The facility would utilize Department of Defense
(DoD)-sponsored electromagnetic launcher (EML) technology to launch large (on the order of 12 to
16 in. diameter) instrumented models into test chambers prepared to duplicate the densities and gas
constituencies of the Earth’s atmosphere and those of other planets. Key United States experts in
the areas of hypersonic aerodynamics and aerothermodynamics, EML technology, and ballistic range
technology defined specific experiments that could be conducted in such a facility, deemed the facility to
be technically achievable, and outlined the research and development efforts required to assure success.

The recommended approach for the launcher was the conventional rail gun. Workshop participants
who were expert in EML indicated that the key technical issues regarding the application of rail gun
technology to such a facility could be resolved, without enormous expense, through a series of experiments
addressing relatively low-pressure, low-acceleration rate armatures. A tracked range (one in which the test
model is guided through the test section by the use of constraining tracks) was also recommended, with
the option of providing free-flight capability. Miniaturization and electromagnetic hardening of model
instrumentation were also cited as technological needs.

(William I. Scallion and Robert D. Witcofski, 3984)
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HYPERSONIC FACILITIES COMPLEX

Experimental Investigation of Proposed Lifting Body Assured Crew
Return Capability Vehicle

For the permanently manned Space Station Freedom, NASA is considering the use of one or more
crew return vehicles docked at the Space Station. These vehicles must provide speedy, dependable return
of the astronauts to Earth in the event of an accident or crew emergency and will be a safeguard to
Assured Crew Return Capability (ACRC). The detailed mission requirements of such a vehicle have not
yet been finalized, but configurations varying from ballistic shapes to winged reentry vehicles are under
study. One of the concepts proposed by the Langley Research Center has a lifting body shape which
produces moderate lift-drag values over the speed range providing some cross-range performance and
offers the possibility of a conventional landing. Development of an aerodynamic and aerothermodynamic
data bade for the lifting body concept has been initiated at Langley. This data base will provide a better
understanding of the vehicle performance across the speed range and will identify areas of high heating on
the vehicle. The data base includes forces and moments, surface thermal mapping patterns, and surface
streamline patterns.

Tests have been performed in the Langley 31-Inch Mach 10 Tunnel using the phase change paint
technique to identify areas of concentrated heating. The lifting body concept was tested over a range of
angle of attack from 0° to 45° and unit Reynolds nubmers of 0.5 x 108/t and 2.0 x 10%/ft. The effects of
angle of attack () and Reynolds number on thermal mapping patterns were examined. Preliminary results
indicate significant leeward heating over the canopy and streak heating on the fuselage sides. As expected,
heating over the canopy decreases with increasing angle of attack or effective leeward shadowing; however,
fuselage streak heating remains for all angles of attack. For this factor of 4 increase in unit Reynolds
number, no effect of Reynolds number on thermal mapping patterns was noted.

(J. R. Micol and T. Horvath)
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High heading areas on Assured Crew Return Capability vehicle model.
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HYPERSONIC FACILITIES COMPLEX
Flow Quality in the 31-Inch Mach 10 Tunnel

A recalibration of the Langley 31-Inch Mach 10 Tunnel was necessary after extensive repair to the
nozzle throat section. The approach was to use survey rakes to measure detailed lateral and longitudinal
pitot pressure and total temperature profiles to determine free stream flow uniformity and conditions over
a range of reservoir pressures. A 4-inch-diameter hemispherical model was employed as a representative
blunt model to explore potential blockage effects and to verify the calibration results for a blunt body
configuration. The inviscid test core increased in size from approximately 10 x 10 to 14 x 14 inches as
Reynolds number increased from 0.25 x 10%/ft to 2.5 x 108/ft. At a given axial station, the pitot pressure
variation across the inviscid test core was less than 3.5 percent. Within 3 inches of the nozzle centerline
(6-inch core), where most models are tested, the pitot pressure variation was less than 1.5 percent. The
smallest variations were observed at a reservoir pressure of 350 psia, where pitot pressure variation was
less than 2 percent across a 12 x 12 inch test core and less than 2 percent across a 12 x 12 inch test core
and less than 1 percent in the center 6 inches of the test core. Excellent axial flow uniformity is shown
in figure 1 where the longitudinal variation in pitot pressure (averaged over a 6-inch test core) was less
than 2 percent for 16 inches of the test section. Stagnation pressure measurements for the hemispherical
pressure model agreed to within 0.5 percent of the center pitot probe on the rake. This indicates absence
of model blockage effects and verifies the pitot pressure rake results. Total temperature profiles showed
that temperature variation was less than 0.5 percent in the test core for the range of reservoir pressure.
These highly uniform total temperature profiles, shown in figure 2, indicate flow symmetry about the test
section centerline and substantiate the test core size deduced from the pitot pressure measurements.

(W. F. Hinton and T. P. Dye)

52



0.0040

0.0030 [ @860995@5856%@68@88%@
~ 0-0030 o Q
o C Q e
- A <> <>
S : 8]
= S,
z L
E P g
w L
& 0.0020 [ o g
3 r e} 8
n r 0]
: g
E L Ptotal = 720 psia @
C & o)
L Symbol Axial Station
0.0010 - o Y Tochar 8
X 0 x=0
- 0 x=8
L o) x=16
C A X=6 (4-Inch Dia. Sphere)
[ llIljllJlllllllJlllljllllIl'llllllllIlAllAlJlljlllllllllll
0.0000_ % = =3 0 rau 12
Test Section Width, Inches
31-inch Mach 10 tunnel pitot pressure profile across width of test section.
1600
1400
(<) L OOOOOOOOOOOOOOOOO
aw :
it L
© r o) o
~1200+
2 [
3 C e} O
> r
© L
= C
£,1000
g -
Q -
2l r
Gl
v x=0 axial stalion
Ptotal = 1450 psia
600 llllllllllllllIJI]‘AJ‘JJ“““IAJ_L.A.IJJIIIAIlllllllllllllll
=12 -8 12

3 0
Test Section Width, Inches

31-inch Mach 10 tunnel total temperature profile across width of test section.

53




HYPERSONIC FACILITIES COMPLEX
Confirmation of Low Density Flow Environment in Hypersonic CF4 Tunnel

The Langley Hypersonic CF4 Tunnel uses tetrafluoromethane (CF4) as a test gas, which allows a
partial simulation of real gas effects for hypersonic entry vehicle aerodynamic and aerothermodynamic
research. The facility is usually operated with a reservoir pressure of approximately 1500 psia, which
produces a postshock Reynolds number based on body diameter of 33,000. Tests on vehicles that fly at
high altitude require a lower density, lower Reynolds number test environment. (An example of a class of
high-velocity, high-altitude flight vehicles with blunt configurations is the Aeroassisted Orbital Transfer
Vehicle, AOTV.) Recently, the facility has been successfully operated at a reservoir pressure of only
110 psia and a corresponding postshock Reynolds number of 3,000. Computed free stream quantities in
the test section are based on measured temperature and pressure in the reservoir and pitot pressure
in the test section. As a first step to verify that equations used to describe the expansion of flow
through the nozzle with a reservoir pressure of 1500 psia were still valid at 110 psia, the distribution
of pressure over the face of a 1.77-inch-diameter hemisphere was computed with a computer code that
utilized CF4 properties and input quantities that were previously computed (with a different code) for the
free stream at both pressures. Pressure distributions over an identical body were measured in the tunnel
with operation at both reservoir pressures and compared to the computed distributions. (Measurements
and computations were also made at an intermediate reservoir pressure of 900 psia.) Agreement between
the computed and measured pressure distributions over the hemisphere indicates that computed test
section free stream quantities are valid in the low-density, low-Reynolds-number environment, and testing
of an AOTYV configuration in this environment has been scheduled.

(W. L. Wells, R. E. Midden, and H. H. Senter)

54



N
(]

&
:F Code (H.H.Hamilton)
t O P, = 110 psi
15?— O P, = 900 psi
[ O P, = 1500 psi
p _
. |
psia 1.0 33000

0.5

ITITTIITT-“I‘“T‘IIIl]_T'

|

[ W NS T N TN AN SN D S YA NN VOO SN TN WO SN G S (e SRS N WA 1S e s LL14111L4)\

0
0.0 0.5 1.0 1.5 2.0
Ratio of Surface Length to Body Radius

vy
T T R4

Confirmation of low density flow environment in hypersonic CFy tunnel.

55



HYPERSONIC FACILITIES COMPLEX

NASA/ONERA Cooperative Study in Hypersonic
Aerothermodynamics: Aerodynamic Test at Mach 6 in Air

Aerodynamic test at Mach 6 have been completed in support of an agreement with the French aerospace
research organization ONERA to test the same model in NASA and ONERA hypersonic wind tunnels.
The purpose is to compare the data and test techniques used by both organizations for aerodynamic and
aerothermodynamic testing. The configuration is a generic winged reentry vehicle consisting of an ogive
nose section faired into a flat-sided fuselage, wings of similar airfoil section as those on the U.S. Shuttle,
and wedge-shaped tip fins. Tests are to cover Mach numbers of 6 to 10 in air and Reynolds numbers from
0.5 x 10° to 7.6 x 108 per foot. '

Force-and-moment tests were made in the Langley 20-Inch Mach 6 Tunnel. Data were taken through
an angle-of-attack range from —2° to 45°, at Reynolds numbers of 0.5 x 10% and 7.6 x 10° per foot. No
effects of control surface deflections were studied.

A maximum lift-to-drag ratio of 3.2 was achieved at an angle of attack of 10°. The vehicle trims at an
angle of attack of 18° with no control surface deflections, with a lift-to-drag ratio of 2.5. No significant
effects due to Reynolds number were seen, other than an increase in drag.

(G. J. Brauckmann)
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HYPERSONIC FACILITIES COMPLEX
Hypersonic Investigation of a 5° Winged-Cone Configuration

One proposed generic transatmospheric vehicle (TAV) concept will utilize a large number of annularly
arranged airbreathing engines to accelerate the vehicle into low-Earth orbit. The present configuration
represents this vehicle type without engines and was tested to provide data to validate computational
fluid dynamic codes which will be required for predictive aerodynamic analyses of TAV concepts. The
configuration incorporates a 5° conical fuselage forebody, a wing with an aspect ratio of 1.0, and a
truncated cone/cylinder afterbody. Longitudinal aerodynamic investigations were made in the 20-Inch
Mach 6 Tunnel and the Hypersonic Helium Tunnel (Mach 20) at angles of attack from —4° to 20°. Test
Reynolds numbers based on fuselage length ranged from 3.5 x 106 to 5.0 x 108 in the 20-Inch Mach 6
Tunnel and from 3.1 x 108 to 23.0 x 108 in the Hypersonic Helium Tunnel. Aerodynamic effects of nose
bluntness, wing longitudinal position, and wing incidence were determined during these studies.

These data obtained for the 5° winged-cone configuration provide the experimental hypersonic
aerodynamic characteristics for Langley studies of the accelerator TAV concept which will encompass
the flight Mach number range.

(W. P. Phillips)
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HYPERSONIC FACILITIES COMPLEX

Aerodynamic Characteristics of a Systematic Series of Irregular
Planform Wings at M = 10

Tests have been made in the Langley 31-Inch Mach 10 Tunnel on a systematic series of irregular
planform wings. For this study, the planforms were referred to as wing-fillet combinations with the
inboard, more highly swept portion of the planform being defined as a fillet. The early phase of the
study was directed toward improving the aerodynamics of the space shuttle orbiter, although the general
long-range goals are applicable toward improved design of aircraft as well as certain advanced aerospace
vehicles.

The present series consisted of five basic planform shapes of constant area and aspect ratio, the
variables being leading- and trailing-edge sweep. The basic wings had leading-edge sweeps of 25°, 35°,
45°, 53°, and 60°. The irregular planforms were formed by extensions to the base wings in 5° or 10°
increments up to a maximum of 80°. Also included for the 45° wing series were the effects of wing
thickness ratio. The angle of attack ranged from approximately —4° to 56°, sufficient to cover the angles
for maximum lift-to-drag ratio, L/ Dmax, (for maximum glide cross-range) and maximum lift coefficient,
CL,max, (for minimized aero-heatmg) at 0° of sideslip. Results of this investigation indicate the following:
the addition of fillets resulted in increases in L/Dmax primarily by reducing minimum drag coefficient,
CDmin and large increases in C[ max for each wing. Increasing wing thickness ratio resulted in large
reductions in L/ Drpa, small reduction in the value of CLmax: and little or no effect on the center of
pressure location, Xc¢p, variation with angle of attack, for a given wing.

(B. Spencer)
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VEHICLE ANALYSIS BRANCH
Advanced Manned Launch Vehicle Study

The Langley Research Center Shuttle 1I study has focused on the concepts, technologies, and
operations of next-generation advanced manned launch systems. The basic underlying reason for
examining such systems includes the need for routine, low-cost manned access to space in the post-Space
Shuttle era. Past launch system designs have generally been performance driven because of technology
limitations, restricted development budgets, and the desire to maximize payload to orbit. Often, this has
led to increased costs of launch operations. In the Langley Shuttle II study, an approach has been adopted
whereby the use of advanced technologies permits vehicle designs to be driven by operations, safety, and
low-cost considerations.

Several candidate Shuttle II concepts have been studied (see p. in this report). The reference
configuration is a two-stage, fully reusable rocket system, but other concepts include partially reusable
and expendable stage systems with an unpowered manned glider stage, and a horizontal takeoff version
with an air-breathing first stage and rocket second stage. '

Technologies play a key role in concept and subsystem selection. For example, fully reusable
launch systems require the development of reusable cryogenic propellant tanks. Safety requirements
for manned launch systems will require stringent inspection procedures to quality these tanks for each
flight. Operational costs under these conditions must be compared with concepts employing expendable
propellant tanks. Also under consideration is the all-hydrogen-fueled vehicle compared with systems
that use a hydrocarbon-fueled booster element. Studies indicate large benefits in the development and
operations of a common propulsion system when traded against the slight increase in vehicle size.

(T. A. Talay, 2768)
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Shuttle II Concept With Airbreather First Stage

Candidate launch vehicles are being studied to complement and replace the current Space Transporta-
tion System. One potential Shuttle II concept, shown in the figure, is a two-stage, horizontal-takeoff,
horizontal-landing vehicle. The first stage utilizes an airbreathing propulsion system called an air tur-
borocket (ATR), and the second stage uses conventional rocket engines similar to those on the present
Space Shuttle. The second stage separates from the booster at Mach 6, which is the operational limit of
the ATR, and the booster flies back to the launch site.

The ATR uses liquid hydrogen and oxygen as its propellants. The propellants are pumped to small
rockets inside the ATR engine. The exhaust from the small rockets drives a turbine that is connected to a
compressor. The compressor entrains air from the atmosphere and burns additional hydrogen to produce
thrust. At higher speeds (between Mach 4 and 6), the ATR works similar to a ramjet. The advantages
of the ATR are that it is efficient in the atmosphere, and less oxygen is required on the booster, since it
burns the oxygen from the air. This reduction in the amount of stored oxygen yields a lower gross weight
for the vehicle, which allows the vehicle to take off unassisted from a conventional runway. The ATR’s
thrust-to-weight ratio, however, is low, which causes both the engine weight and the dry weight of the
vehicle to be high.

The orbiter is aerodynamically tailored so the vehicle can accelerate through the transonic drag
pinch. Because of the high staging Mach number, the orbiter is relatively small. This will enable on-
orbit maneuvering to be accomplished with less fuel. The payload bay is designed to be loaded like a
containerized cargo transport vehicle. This concept is used throughout the Shuttle II study.

This vehicle will be assessed with the other vehicles in the Shuttle II Program. The results of the
study will hopefully provide insight for selecting the next launch vehicle for the United States.

(Mark J. Cunningham, 4954)
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Automatic Generation of Finite-Element Models

The Solid Modeling Aerospace Research Tool (SMART), developed at Langley Research Center, is
being used to generate geometric representations of advanced launch systems such as Shuttle II and the
National Aero-Space Plane (NASP). SMART uses bicubic patches to model the surface of a vehicle. The
surface definitions can then be sent to aerodynamics and structural programs for analysis. Structural
analysis programs allow the user to create a finite-element model from the surface definition.

Defining the elements of a finite-element model has always been a cumbersome and time-consuming
task, often taking weeks to model a vehicle. A capability has been developed in SMART to interactively
and dynamically specify the element grid pattern and then calculate the actual elements from the pattern
and the original surface definition.

The figure is a typical display from the finite-element generation from SMART. On the right-hand
side of the screen is a planform outline of a wing that was created in SMART. The wing is made up of
three-dimensional (3-D) bicubic surface patches. The rib and spar pattern can be generated automatically
or manually. Planar surfaces through rib and spar lines are used to cut the surface patches. The resulting
intersections form the edges of the finite elements. The result of this operation is illustrated on the left-
hand side of the screen. To generate the original 3-D wing in SMART took 30 sec, specifying the rib and
spar pattern took approximately 1 min, and the calculation of the intersections and generation of the
finite elements took approximately 1 min.

(Joe Rehder, 4967)
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International Cooperative Effort on Propulsion Evaluation
for Earth-to-Orbit Vehicles

A capability to evaluate rocket engine cycles for single-stage Earth-to-orbit vehicles has been developed
as a result of an international cooperative effort between Langley Research Center and the DFVLR
(Deutsche Forschungs- und Versuchsanstalt fir Luft und Raumfahrt, German Aerospace Research
Establishment). The effort included a 1-year visit to Langley Research Center by Dr. Detlef Manski
from the Institute for Chemical Propulsion and Chemical Engineering, Lampoldshausen, West Germany.

The new capability was built from existing parts. The rocket engine analysis from DFVLR,
including combustion data, power balance, and engine mass, was combined with the vehicle analysis
from Langley Research Center, including trajectory optimization, vehicle mass, and sizing, to meet the
design requirements.

One of the interesting results in the study was found while trying to optimize the chamber pressure.
It was found that the specific impulse improves with increasing chamber pressure, but the engine mass
has a minimum. When the gross mass of the vehicle is fixed, the engine mass is minimum at a low
chamber pressure, but when the vehicle is sized for the required payload, the engine mass minimum is
at a moderately high chamber pressure. With the effect of specific impulse, the final optimum chamber
pressure is even higher than the chamber pressure that minimizes the engine mass.

The resulting capability has been used to compare several cycles and propellant combinations. The
staged-combustion cycle used in the Space Shuttle main engine was found to be the best cycle with
hydrogen fuel. A more complicated engine with two combustion chambers and two fuels, hydrogen and
propane, was found to provide the best performance overall.

(James A. Martin, 4964)
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Lifting-Body Assured Crew Return Capability Vehicle

With a permanently manned space station in orbit, assured crew return capability missions become
an important consideration. The envisioned missions will provide emergency evacuation capability from
the space station, rescue capability for the Space Shuttle on a space station delivery mission, rescue
capability for a space station crewman stranded during extravehicular activity, and alternate manned and
unmanned access to the space station using an expendable launch vehicle. Several vehicle concepts, also
identified as crew emergency return vehicles (CERV), have been examined for this role in a Phase-A type
study being conducted by an in-house team involving Langley Research Center, Johnson Space Center,
and Kennedy Space Center. Langley has developed a lifting-body concept for this role to be compared
with water landing capsule configurations proposed by Johnson Space Center.

In the Langley study, the major subsystems for the lifting-body configuration were identified for
each of the missions. Weights, internal layouts, and costs have been generated in the analysis. The
configuration has been shown to satisfy all the mission requirements, to have a significant advantage over
other configurations because of its 850-nmi usable crossrange, and to be cost competitive with the other
configurations.

Recent wind tunnel tests have shown that the lifting-body configuration has the ability to be statically
stable, trimmed, and controllable at modest landing speeds. Six-degree-of-freedom simulations have also
demonstrated good flying qualities at hypersonic and supersonic speeds.

(H. W. Stone, 4960)
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ACRC Daylight Landing Study

An assured crew return capability (ACRC) is being proposed for the space station. This would entail
missions of crew evacuation, rescue, or emergency return. Several vehicle configurations for providing the
capabilities are under study at Langley Research Center and Johnson Space Center. Under one plan, the
vehicle would land in the water by parachutes with recovery made during daylight hours.

The ACRC daylight landing study is examining the frequency of occurrence of daylight landing
opportunities available at specified landing sites as influenced by the effects of vehicle crossrange capability,
season, and site selection. Precessional effects on the space station orbit lead to periods in which no
daylight landings are possible for northern latitude landing sites such as offshore Kennedy Space Center
(KSC) or Hawaii. Southern latitude sites, such as Darwin, Australia, or Diego Garcia in the Indian
Ocean, must be included to ensure year-round daylight recovery coverage. Seasonal effects have only
a slight effect on the number of landing opportunities. The amount of crossrange capability available
during the return of the ACRC vehicle to Earth, however, strongly influences the results. For the Langley
lifting-body ACRC vehicle, with 850 nmi of crossrange, two to seven daily landing opportunities exist
depending on season and site selection. Vehicles with limited crossrange are more severely restricted in
the frequency of such opportunities.

(T. A. Talay, 2768)
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AEROTHERMODYNAMICS BRANCH

Space Shuttle Orbiter Hypersonic Rarefied-Flow Pitching-Moment
and Elevon Effectiveness Measurements

Flights of the Space Shuttle have provided the first measurements that allow calculation of the pitching
moment coefficient Cy, and elevon effectiveness 8Cy, /86 for a delta-wing reentry vehicle in hypersonic
rarefied flow. Knowledge of aerodynamic moment behavior in the high-altitude, high-speed regime should
enhance the design of future reentry and aerobrake missions. Advanced Space Transportation Systems
design will also benefit in terms of reduced control-jet fuel margins (increased payload) because the
transition process from spacecraft to aircraft is better understood.

The orbiter control surfaces are activated for aerodynamic control at approximately a 95-km altitude.
Above 95 km, the control surfaces are fixed, and attitude is controlled with jets, allowing for the direct
determination of Cy, from onboard rate gyro data. Also, 8Cy,, /86 can be obtained because the elevons
are fixed at different angles for each reentry mission. Values of Cy, were calculated for nine orbiter reentries
between 95 and 130 km and adjusted to a baseline center-of-gravity (CG) location, angle of attack « of 40°,
and 0° body flap deflection 6gg. This allowed for the calculation of 8Cy,/36g with increasing altitude.
Using the flight-derived 8Cy, /86, estimates were made of the control surface deflections required to zero
the pitching moment. The calculated elevon deflections exceeded the heating limit at 100 km and the
mechanical limit at 110 km. Aerodynamic control authority would therefore be marginal or inadequate
for forward CG loading until the orbiter descended to about 95 km. The measured Cy, for the nine
flights is referenced to 0° elevon deflection using the flight-derived elevon effectiveness. The average
values and standard deviation for the nine flights are presented in the figure as a function of Knudsen
number. The preflight prediction for the same reference conditions is also shown along with preflight
Calspan wind tunnel data and the real-gas correction to the prediction in the hypersonic continuum.
Clearly seen in the results are the viscous interaction effects that cause a more negative Cy, as altitude
increases, corresponding to an aft shift in the center of pressure. The flight-derived average appears to be
converging on the real-gas corrected prediction in the continuum regime. However, the pitching moment
is increasingly overpredicted in the transition region, with the likelihood that the overprediction would
occur in the free-molecule regime also.

(Robert C. Blanchard, 3031)
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Rarefied Flow Past Flat Plate at Incidence

The direct simulation Monte Carlo method has been used to calculate the flow field, surface quantities,
and aerodynamic characteristics of rarefied flow about a flat plate at 40° incidence. Previous studies have
shown that the Space Shuttle orbiter lift-drag ratio for free-molecular flow can be approximated well with
a flat plate at 40° incidence.

The range of free-stream Knudsen number considered was 0.02 to 8.4, which corresponds approximately
to an altitude range of 100 to 175 km for the Space Shuttle orbiter during reentry. The calculations show
that the transitional effects are significant for all cases considered. Even for the largest free-stream
Knudsen number condition, transitional effects remain quite pronounced where the flow is generally
considered to be free-molecular. These results have important implications for the interpretation of flight
measurements used to deduce aerodynamic coefficients under rarefied conditions. At altitudes of 160 km
and above, the conventional procedure has been to interpret the Space Shuttle flight measurements using
the free-molecular flow calculations with a fraction of the gas-surface interaction as specular. This study
has shown that transitional effects at 175 km would increase the Space Shuttle orbiter lift-drag ratio by
90 percent over the free-molecular value. This is clearly demonstrated in the figure for a flat plate at 40°
incidence. Thus, the interpretation of aerodynamic flight data for space vehicles at higher altitude must
be done in concert with calculations that describe the transitional effects. Failure to account for this
effect could significantly distort the interpretation of the gas-surface interactions under highly rarefied
conditions.

(V. K. Dogra; James N. Moss, 3770)
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Aerothermal Loads for Aeroassist Flight Experiment Vehicle

Calculated convective heating rates have been obtained for hypersonic flow about an axisymmetric
representation of an Aeroassist Flight Experiment (AFE) vehicle using the direct simulation Monte Carlo
method. The body configuration is an elliptically blunted cone with a 60° half angle and a stagnation
radius of curvature of 2.3 m. The free-stream conditions correspond to selected points along the entry,
aerobraking, and exit phases of the AFE trajectory, where the altitude and velocity ranges considered
are 130 to 78 km and 9.9 to 7.5 km/sec, respectively. The figure presents the calculated stagnation-
point convective heating as a function of time from an altitude of 122 km. For altitudes of 90 km and
greater, a five-species dissociating air model was used, and the surface was assumed to promote atom
recombination at the rate appropriate for the Space Shuttle thermal protection tiles. For the higher
free-stream density conditions (90 km and below), only quasi-one-dimensional calculations were made to
simulate the stagnation streamline flow. For these conditions, an 11-species dissociating and ionizing gas
model for air was used that included 41 chemical reactions but no atom recombinations at the surface.

These calculations are the first to define the heating for an AFE trajectory that includes both
transitional and continuum flow conditions. The DSMC calculations show that thermal diffusion effects
are present and produce a noticeable change in the gas composition near the surface. Such effects are not
normally included in continuum calculations.

(James N. Moss, 3770)
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Direct Simulation of AFE Forebody and Wake Flow
With Thermal Radiation

Results for the flow field structure and surface quantities have been calculated for an axisymmetric
representation of an Aeroassist Flight Experiment vehicle. The direct simulation Monte Carlo method
is used to perform the calculations, since the flow is in a highly nonequilibrium state during both the
compression and expansion phases about the vehicle. Free-stream conditions correspond to an altitude
of 90 km and a velocity of 9.9 km/sec. The calculations account for nonequilibrium in the translational
and internal modes, dissociation, ionization, and thermal radiation. The degree of dissociation is large,
but the maximum ionization is only about 2 percent by mole fraction.

The figure displays selected contours of the local density, expressed as a ratio to the free-stream
value, for the forebody and near-wake region. In the stagnation region, the compression combined
with a relatively cool wall produces a density that is slightly greater than 150 times the free-stream
value. In the afterbody region, the density is only a small fraction of the free-stream value. The blunt
forebody flow experiences a high degree of thermal nonequilibrium in which the translational temperature
is generally greater than the internal temperature. However, as the flow expands about the aerobrake and
afterbody, the internal temperature is generally greater than the translational temperature. Furthermore,
the calculated results clearly show mass separation effects in the wake with a preferential increase in the
concentration of the light (atomic) species relative to their values at the corner expansion. Forebody
heating is dominated by the convective component; however, the stagnation point radiative heating under
the assumption of no absorption is about 12 percent of the convective value. Afterbody heating is very
small compared with the forebody values.

(James N. Moss, 3770)
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Three-Dimensional Direct Simulations of AFE Flow Field

The direct simulation Monte Carlo method has been used to calculate the hypersonic rarefied flow
about the Aeroassist Flight Experiment vehicle. The simulation accounts for translational, internal, and
chemical nonequilibrium effects for a five-species dissociating gas. The calculations were made for an entry
velocity of 9.9 km/sec over an altitude range of 120 to 200 km, that is, the more rarefied portion of the
transitional flow regime. This study is the first application of a general three-dimensional DSMC code to
simulate the flow about a full-scale space vehicle. The extent of the flow field over the AFE configuration
at a 120-km altitude is illustrated by the translational temperature contours presented in the first figure.

Of particular interest for the transitional flow regime are the extent of rarefaction necessary to achieve
collisionless flow and the large variations in aerodynamic coefficients. The second figure illustrates the
variation of the lift-to-drag ratio as a function of altitude. Clearly, the DSMC results approach the
free-molecule (FM) limit very slowly at higher altitudes, and even at a 200-km altitude, the flow is not
completely collisionless. Prior to this study, it was generally acknowledged that FM flow existed for the
AFE vehicle for altitudes near 150 km, but this study shows that the transitional effects are significant
at these altitudes and influence the overall aerodynamic coefficients. Also shown in the figure are the
calculated Modified Newtonian results and the continuum data obtained in hypersonic wind tunnels at
Langley Research Center. In addition, the figure demonstrates the limitations of bridging formulas that
are used in the absence of transitional flow calculations to empirically connect the continuum and FM
limits. Results of this study have important implications for the interpretation of aerodynamic coeflicients
extracted from flight measurements under rarefied conditions.

(M. Cevdet Celenligil; James N. Moss, 3770)
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Shock Interference Heating in Rarefied, Hypersonic Inlet Flow Fields

The direct simulation Monte Carlo (DSMC) method has been used to study shock interference heating
problems under rarefied flow conditions for a hypersonic inlet at reentry velocities. Previous experimental
evidence indicates that under continuum conditions, more than an order-of-magnitude increase in peak
local heating rate may be expected for shocks impinging on leading-edge surfaces such as inlet cowl
lips. At the lower densities of high-altitude reentry, the shocks are more diffuse, and the interactions are
expected to be weaker than for continuum flows. However, because of the lack of experimental data and
the difficulties in analyzing these highly viscous, nonequilibrium flows, little is known about the details of
shock-induced heating under rarefied flow conditions. This study represents a first attempt at modeling
such interactions through the application of the DSMC method.

Results obtained for a two-dimensional, inlet-type geometry show that the peak heat transfer on a
circular-shaped inlet lip can be amplified significantly over the isolated stagnation value even under rarefied
conditions. Calculations at a reentry velocity of 7.5 km/sec over an altitude range of 70 to 90 km show a
correlation of the peak heat-transfer amplification with the peak pressure amplification that is roughly the
same as that for continuum shock/boundary-layer interaction data. Although the amplification factors
are lower than those seen in typical shock/lip heating data obtained under continuum flow conditions,
the DSMC results indicate that shock interference heating is an important design factor to be considered
over a wide range of flight conditions. The study further shows that the DSMC method provides a useful
analysis tool for bridging the gap between the continuum and free-molecular flow regimes.

(R. G. Wilmoth, 4953)
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Three-Dimensional Thermal and Chemical Nonequilibrium Flows

Future plans for space transportation and exploration call for mission trajectories with sustained
and/or maneuvering hypersonic flight in the Earth’s atmosphere at altitudes > 70 km and velocities
>9 km/sec. Aeroassisted orbital transfer vehicles will use this domain in returning from geosynchronous
Earth orbit to low Earth orbit for rendezvous with the space station. Lunar, planetary, and comet
sample return missions will utilize the Earth’s upper atmosphere for aerobraking as well. Hypersonic,
air-breathing cruise vehicles may ultimately be called on to fly through this domain. Substantial portions
of these mission trajectories, in the transitional regime between free molecular and continuum, will carry
the vehicle through conditions resulting in chemical and thermal nonequilibrium within the surrounding
shock layer.

Nonequilibrium processes in the shock layer and near wake of hypersonic vehicles alter the flow field in
three important ways. Radiative energy transfer rates are sensitive to the electronic temperature. Shock
standoff distances and potential shock-body interactions are sensitive to the degree of dissociation. Local
sound speeds, which influence pressure levels over aerodynamic expansion and compression surfaces, are
sensitive to the partition of energy among the translational, rotational, and vibrational modes.

Modifications to Program LAURA (Langley Aerothermodynamic Upwind Relaxation Algorithm)
now permit the simulation of both chemical and thermal nonequilibrium over real three-dimensional
configurations, such as the Aeroassist Flight Experiment (AFE) vehicle shown here. Four computational
domains (forebody, outer wake shell, free shear layer, and inner wake core) permit a more efficient
allocation of computational resources and improve convergence. “Freezing” of inverse Jacobian matrices
significantly decreases time to convergence compared with earlier versions of LAURA. The electron density
contours presented in the figure show nearly parallel, closely packed lines in the free shear layer, emanating
from behind the circular shoulder of the AFE. These lines separate recirculating flow in the base wake core
from the hypersonic expanding flow in the outer shell. In this case, the free electrons are at a different
temperature than the heavier atoms, molecules, and ions in the flow because of the effects of thermal
nonequilibrium.

(Peter A. Gnoffo, 2921)
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Viscous Shock-Layer Solutions With Nonequilibrium
Chemistry for Hypersonic Flows Past Slender Bodies

Proposed transatmospheric vehicles (TAV), whose trajectories encompass a large range of free-stream
conditions, have increased interest in improving both the understanding of viscous flow field phenomena
and also the computational capability for application to hypersonic slender bodies. The low-altitude ascent
conditions of a TAV should determine the thermal.protection system of the vehicle. An understanding of
the higher altitude ascent and the entry conditions (probably characterized by nonequilibrium chemistry)
should be important to assess if surface reradiation alone is sufficient to maintain the desired material
temperatures. Since extensive nonequilibrium studies exist only for the Space Shuttle vehicle class, the
present study was conducted to enhance the existing information base for nonequilibrium laminar heating
effects to slender vehicles with particular emphasis on effects of vehicle and free-stream parameters on
nonequilibrium flow. The calculated results of the study are presented as a ratio of the noncatalytic
gnc to fully catalytic gpo heating rates to illustrate the maximum potential for a heating reduction in
dissociated nonequilibrium flow.

An effect of cone angle on the heating ratio is shown as a function of the normalized wetted distance
at a Mach number of 25, a nose radius of 0.125 ft, and a wall temperature of 2260°R. Downstream of
100 nose radii (aft cone), the results are generally as expected, i.e., the largest nonequilibrium effects (as
suggested by a lower value of the ratio) are computed for the largest cone angle. Note, however, that for
the smaller half angles, relatively small nonequilibrium effects are computed at these distances. However,
in the fore-cone region downstream of the tangency point, an unexpected and interesting reversal of the
trend was obtained.

(Vincent Zoby, 2707)
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HIGH ENERGY SCIENCE BRANCH
High-Power Laser Tests

Since 1980 the output power obtained from an iodine photodissociation laser excited by simulated solar
energy has increased from less than 1-milliwatt pulsed to over 10 watts continuous, the highest power
ever obtained from this type of laser. The power from such an iodine photodissociation laser is limited
by simulator power. A technique, called Q-switching, which stores and then releases energy in a pulse,
was recently used on this laser to increase thepeak output power by more than an order of magnitude.
Q-switching by an electro-optic cell, often used with other lasers, was not possible because of the cell’s
large absorption at the iodine laser wavelength of 1.3 nanometers. The Q-switching was achieved with a
high-speed pneumatic chopper inserted in the oscillator cavity. A continuous succession of pulses of over
150 watts was obtained from the laser which was pumped by a continuous argon arc simulator. This is the
first Q-switching of a continuously excited iodine laser and is the highest peak power ever achieved with
a simulator-pumped gas laser. The gas lasant, n — C3F71, flowed longitudinally through the laser cavity
by a pressure differential induced by an evaporation-condensation system. The variation of continuous
or pulsed laser power with parameters, such as lasant pressure, lasant flow rate, and chopper speed, was
measured and is being analyzed.

(W. E. Meador)
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Master Oscillator-Power Amplifier System for Laser Power Transmission in Space
£

Future space activities call for large! power consumption by widely distributed satellites on various
missions. A novel concept for using the Sun as the prime power source is that of orbiting solar-pumped
laser power stations beaming high-quality energy to multiple users for such purposes as propulsion and
generating electricity. The lasers must have at least 1 MW output with good beam quality for efficient
transmission over distances > 1,000 km. :

Several important milestones have been reached for direct solar-pumped iodine lasers, including the
identification of the iodide t-C4F gl as the best laser medium and demonstrations of over 10-W continuous
wave and 150-W Q-switched operations. However, continued scaling of single lasers to megawatt levels,
while retaining high-quality beams, is far more difficult and less efficient than using a master oscillator-
power amplifier (MOPA) system. The laser oscillator in this arrangement need only provide a low-power
coherent beam, the amplification of which preserves the transmission quality.

The first figure schematically illustrates the system architecture envisioned for the solar-pumped
MOPA system. The laser medium used in the power amplifier must have a long upper-state lifetime
for high-energy storage before it is extracted by the injection of the oscillator pulse. The duration of the
oscillator pulse must be short (typically submicrosecond) to produce extremely high peak power from
the amplifier, which also means high average power when the system is operated at a high repetition
(rep) rate. The MOPA system enables generation of good beam quality because the beam profile of the
amplifier output is controlled by the oscillator beam profile, which is easily determined by spatial filters.
The kinetics of iodine photodissociation lasers indicate that they are well suited for high-power MOPA
systems.

The characteristics of a long-pulse iodine laser amplifier have been investigated in order to evaluate
the adaptability of a MOPA system as a high-energy solar-pumped laser system. Long storage time
(>500 psec) and substantial amplification (>3) were observed to confirm that developing such a system
is indeed feasible. The experimental arrangement is shown in the second figure. To simulate the beam
pattern of the solar radiation with a long flashlamp, a pair of 1-m-long parabolic troughs was used.
One of the troughs surrounds the flashlamp and reflects a parallel beam to the other trough, which acts
as a beam collector for the laser tube placed along the focal line. The laser oscillator is a low-power
flashlamp-pumped iodine laser. This arrangement was used to evaluate different iodide lasants such as i-
and n-C3F7I, n- and t-C4Fgl; t-C4Fgl was identified as the best material (highest efficiency).

Since high-rep-rate operation of the MOPA system is necessary for obtaining high average power, an
XeCl-laser-pumped oscillator (308 nm) with t-C4Fgl was recently developed in order to operate beyond
the maximum rep rate (=1 Hz) of a flashlamp-pumped oscillator. An oscillator output of 3 mJ with a
pulse duration of 25 ns was generated at a rep rate exceeding 5 Hz; these results are limited only by the
power supply capacity. The oscillator output is temporally steady and short enough for incorporating into
the MOPA system. Preparations are currently under way to construct a MOPA system with this oscillator
and a solar-simulator-pumped power amplifier. The power amplifier will be pumped by a Vortek argon
arc that provides an irradiance equivalent to 1,250 solar constants with a solar-simulated spectrum. This
system is expected to produce continuous kilowatt-level peak-power output at a rep rate of b llz to enable
experimental studies of far-field beam profiles and evaluation of long-distance transmission efficiency.

(J. H. Lee, 4332)
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Atomic Oxygen Beam Generator

The composition of the atmosphere at a spacecraft’s orbital altitude (200-1000 km) combined with the
spacecraft orbital velocity results in hyperthermal atomic oxygen impingement on spacecraft surfaces with
a flux of 101® cm~25~! and a kinetic energy of approximately 5 electron-volts. The high chemical reactivity
of this atomic oxygen flux has caused substantial degradation of organic materials on the Shuttle and
suggests that materials on the Space Station Freedom, composites used in large space structures, exterior
coatings on the optics of the Hubble Space Telescope, proposed ultraviolet telescopes, and future laser
communications systems may have a substantially reduced lifetime. It is therefore essential to study
the effects of atomic oxygen on materials in a ground-based laboratory. An unusual approach to the
development of a laboratory atomic oxygen gun is underway that simulates the orbital conditions and
involves the use of two unique phenomena: the unusually high permeability of oxygen through silver
and electron-stimulated desorption of atoms or molecules from a surface. Normally, when the oxygen
atoms diffusing through the silver arrive at the vacuum interface, surface diffusion occurs that results in
oxygen atom recombination and the subsequent desorption of oxygen molecules. By using an incident
flux of low-energy electrons (100-500 electron-volts) on this surface, the oxygen atoms are excited and
desorb as hyperthermal atomic oxygen neutrals and oxygen ions with an energy of 1 to 10 electron-
volts. Laboratory experiments have demonstrated proof of this concept. High-purity atomic oxygen
fluxes greater than 1 x 10'2 cm™2s~! and the kinetic energies between 2 and 6 electron-volts have been
measured and provide the basis for a laboratory instrument..

(R. A. Outlaw)
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SPACECRAFT ANALYSIS BRANCH

Conceptual Design of Communications Satellite
for Future Mars Exploration Missions

The Synchronous Mars Telecommunications Satellite (SMARTS) has been designed as a relay station
to provide all of the necessary communication links for future Mars missions. SMARTS would orbit the
planet with a period equal to one Martian day (aerosynchronous orbit), thus providing constant spot
coverage over several proposed landing sites.

The procedure used for this preliminary design is one of systems analysis and integration. The
design of the antenna reflectors and feed arrays is based on trade studies of spacecraft mass and power
requirements. Bandwidths selected use Deep Space Network allocations, supporting technology readiness
levels, and minimum power requirements. Data storage capabilities are provided for use during periods of
occultation, when direct communication with Earth is not possible. The supporting spacecraft structure
and subsystem designs were defined by the needs of the communications system.

The figure shows the design configuration of SMARTS, developed using IDEAS? software. The satellite
is unmanned, solar-powered, three-axis stabilized, and has a solar inertial orientation. The larger antenna
is 8 m in diameter and is oriented toward the Earth. It is a deployable structure of radial-rib design with
a gold-plated molybdenum mesh reflective surface. The smaller antenna is a 3-m-diameter rigid structure
and points toward the Martian surface. '

The design of SMARTS is based primarily on current, flight-ready technology. Those items that are not
currently available are in the design and development stages. Continuation of the technology development
could enhance the satellite’s availability for inclusion in the overall Mars exploration infrastructure as early
as the first proposed Mars excursions of the 21st century.

(Deborah M. Badi, 4982)
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Radiation Shielding for Lunar Habitation Modules

As establishment of a manned lunar outpost enters the mission planning phase, factors pertinent to
crew safety and health maintenance receive more critical attention. One such factor involves protection
from the ionizing radiation environment, which at times can be extremely hazardous on the lunar surface.
For short-duration missions, the principal radiation danger results from large solar proton events that
can produce high fluxes of energetic protons. In the absence of adequate shielding, resultant radiation
dose levels can be mission disabling or even lethal. Consequently, a determination of radiation protection
requirements is essential. .

Known physical characteristics of the lunar regolith suggest that it may be a serviceable and convenient
material for shielding. A recent study has been conducted with this purpose in mind. A comprehensive
and computationally efficient nucleon transport code developed at Langley Research Center has been
applied to a typical proton flare flux spectra incident on a regolith shield. The lunar soil model adopted
is based on Apollo sample return compositions. The flux of nucleons through the regolith is computed
and used as input for a geometry code applicable to a specified configuration. Predictions of resultant
dose levels are made by integration of the anisotropic radiation fields over all directions at a number
of target points within the shielded volume. The figure shows a sample isodose map for a half-buried
spherical habitation module of 15.2-m diameter. The portion of the sphere extending above the lunar
surface is shielded with a 50-cm regolith layer. The resultant dose patterns exhibit the nonuniformity of
the interior dose rates. Such results can have an influence on location of sleeping quarters and placement
of equipment and supplies for added shielding.

(John E. Nealy, 4983)
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Isodose map for half-buried 15.2-m-diameter spherical habitation module with 50-cm overhead regolith shield
thickness. Doses are in rem at 5-cm body tissue depth; input flux spectrum corresponds to that of the large
flare of November 1960.
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Second-Generation Space Station Technology Studies

A feasibility study has been conducted to determine enabling technologies for a second-generation
space station. The space station is not only capable of supporting in situ research and development,
but also serves as a platform for civil, military, and commercial applications. Primary functions include
supporting visiting crews and vehicles; relaying power, communications, and data between spacecraft;
and providing variable gravity adaptation facilities for transient crews and researchers. The baseline
space station was designed to accommodate a standard crew of 60 persons, produce a total of 2.5 MW of
electrical power, and adhere to the National Commission on Space recornmendations.

The products of the study are represented in the form of a list of twenty-two major enabling technolo-
gies in eight fields: structures, mechanisms, and materials; power and thermal control; propulsion; crew
systems; rigid- and flexible-body controls; environmental control and life support systems; transportation
systems; and assembly operations. These items are shown in the table.

Fach item was assessed in a two-fold ranking. First, the item was ranked in terms of its criticality
to the development of the space station configuration, and second, the item was ranked in terms of the
current state of technological readiness.

(Melvin J. Ferebee, Jr., 3440)
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Second-generation space station.
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Conceptual Design of Lunar Base Thermal Control System

Conceptual thermal control system (TCS) designs were evaluated to enable man to survive for extended
durations on the lunar surface at four candidate base sites: Lacus Veris, the South Pole, the Apollo 17
landing site, and the Mare Nubium. Space station (SS) and alternate active thermal control technologies
were evaluated for use at these sites.

The SS thermal acquisition technology evaluated for the removal of sensible and latent heat loads from
the inside of a lunar base consisted of two single-phase pumped water loops, one operating at 2°C and one
at 21°C. Two-phase pumped ammonia loop technology was evaluated to transport the heat from the base
to a series of individual SS ammonia heat pipe radiators for the rejection of heat to the lunar environment.
The SS acquisition technology proved compatible with the lunar base internal requirements at all four
base sites. The SS transport and rejection systems proved compatible with the environment at the South
Pole, but incompatible with the environment at the other three sites because of the dramatic changes
in the solar flux and lunar surface temperature over the lunar day/night cycle. Variations in the sink
temperature (which represent the added effects of cold space, the solar flux, and the infrared flux from
the lunar surface) for radiators over the lunar day were determined for three orientations: a horizontal
radiator and vertical radiators either perpendicular or parallel to the plane of the solar ecliptic. As shown
in the figure, the final rejection temperatures of the two acquisition loops (assuming an 8°C drop to the
radiator) for all orientations at Lacus Veris were well below the sink temperatures for a large portion of
the lunar day and well above the sink temperature during the lunar night; therefore, modifications to the
system were required. A two-loop cascaded vapor cycle heat pump system was selected as a means to
increase the final rejection temperature of the vertical SS radiators oriented parallel to the plane of the
solar ecliptic significantly above the sink temperature for lunar day operation. A bypass compressor loop
was selected to prevent overrejection of heat during lunar night operation. One two-phase pumped Freon
12 loop operating at ~3°C was selected to transport the heat from both acquisition loops in the base to
the heat- pump system. This system design can also be used at the Apollo 17 site and the Mare Nubium
because of their similar distances from the equator.

(L. C. Simonsen; J. B. Hall, Jr., 4982)
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Lunar Orbiting Station in Support of Manned Mars Missions

Future missions to Mars and its moons need large quantities of propellants, and Earth sources require
numerous large-tanker launches. An alternate source for oxygen (O3) is the extraction from lunar minerals
at a lunar surface facility. Lunar samples show O3 at recoverable concentrations, and mission studies have
shown a logistic advantage from lunar O3. A lunar liquid O (LLOX) supply requires a transportation
system in which one element could be a lunar orbiting propellant depot, as a Lunar Node in the system.
The Lunar Node can provide temporary storage, and subsequent transfer of LLOX to a Mars-bound
spacecraft. Additional roles provide a way-station for lunar-bound cargo and crews and a temporary safe
haven for a stranded crew in the lunar vicinity.

A Lunar Node concept was formulated which could support LLOX production and distribution. The
Node is composed of a propellant tankage array, a crew operational and safe-haven habitat, a docking
module and manipulator, and a solar-photovoltaic power array. All of these components are within a
truss structure. The Node operates in low polar lunar orbit (LLO) and can rendezvous with a lunar
ascent-descent vehicle (LADV) or a space transfer vehicle (STV), as shown in the figure. The Lunar
Node concept provides for storage and transfer of both Hy and Og propellants. Remotely manipulated
interchangeable tanks expedite the exchange.

The Lunar Node has the capacity to support a crew of 2 during operational periods, with an emergency
capacity to support 14 persons for over 100 days as a safe haven. The Lunar Node concept can be evaluated
for Mars staging sites at LLO, and at Earth-Moon libration ‘points. Mission-specific input is required to
define the safe haven and the propellant storage for a particular Mars mission. Methods for on-orbit
exchange of propellant require further evaluation.

(L. Bernard Garrett, 3667)
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Interplanetary Mars Mission Analysis

Through project Pathfinder, NASA is performing research aimed at future manned and robotic
missions to Mars. The success of these missions depends greatly upon minimizing the initial vehicle mass
in low Earth orbit (LEO). In this analysis, several flight path options were explored to determine their
effects upon mission feasibility. These options include trip times ranging from 1 to 3 years, performance
of a planetary swingby, and high-energy aerobraking. The figure shows a possible vehicle configuration
that would satisfy all these options.

Although unimportant in a robotic mission, the total trip time is a significant parameter in a manned
mission. Because trips of under 1 year were found to be impractical from a mass standpoint, an artificial
gravity device is probably warranted. Note the two rotating, retractable habitation modules shown in
the figure. Two different types of Mars missions were studied; these include the relatively short initial
manned excursion mode (1 to 2 years), and a more efficient but longer duration colonization or cargo
resupply mode (2 to 3 years). The most efficient missions from a weight standpoint were found to range
from 2 to 2.5 years in duration (including a 60-day stay at Mars).

By performing a Venus swingby en route to Mars (outbound swingby) or prior to Earth return (inbound
swingby), a spacecraft can take advantage of the Venus gravitational field to tailor its interplanetary
trajectory. In this manner, energy may either be gained or lost relative to the Sun without performing a
propulsive maneuver. Although the LEO launch opportunities are less frequent because of the involvement
of a third planet, the use of a Venus swingby was found to significantly lower the required initial weight.
Furthermore, the use of a swingby prior to aerobraking at the target planet was shown to yield greatly
reduced atmospheric entry velocities. This result was particularly important during Earth return where
reentry speeds became quite high (11.5 to 21.0 km/sec). By correctly performing an inbound swingby,
this range of reentry was shown to narrow to 11.5 to 15.5 km/sec.

High-energy aerobraking requires a vehicle to withstand a much more severe flight environment than
that of either Apollo or the Space Shuttle. However, preliminary studies have shown that use of this
technology yields a potential weight reduction on the order of 25 to 50 percent depending upon LEO
launch date and total trip time. Because of this tremendous payoff, the present analysis focused particular
attention on defining the flight conditions during both Mars entry and Earth reentry. Both a Mars and
an Earth aerobrake are displayed in the figure. With a better understanding of these flight envelopes, as
well as the effect of a Venus swingby, a detailed entry analysis is currently being performed.

(Robert Braun, 4900 and J. W. Youngblood)
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Space Station Freedom Office

The Space Station Freedom Office is the focal point for NASA Langley involvement in the agency-
wide Space Station program and is responsible for the implementation and/or coordination of NASA
Langley’s direct support of this program. The Space Station Freedom Office is the NASA lead for
the identification, definition, and evaluation of the Evolutionary Space Station capabilities and for the
identification of technology and advanced development required for long-term evolutionary development.
The office represents the engineering community as technology users of the space station. It also advocates
flight experiments on future Space Shuttle flights which contribute to space station technology use as
well as flight experiments form technology programs which can contribute to both the initial operational
capability and the evolutionary station. The office provides NASA Langley support to the NASA-wide in-
house Space Station Freedom systems engineering and integration in areas consistent with demonstrated
NASA Langley capabilities and expertise.

An organization chart for the Space Station Freedom Office is shown in figure 6. Major accomplish-
ments for F.Y. 1988 follow.
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LDEF Reentry Predictions

Orbital lifetime analyses have been conducted by the Langley Research Center Space Station Office
in support of proposed NASA-wide projects such as the space station, as well as currently operating
spacecraft, such as the Langley Long-Duration Exposure Facility (LDEF'). For each of these applications,
orbit decay is simulated with the Orbital Lifetime Computer Program (OL). The atmospheric density for
the OL is obtained using a Jacchia 1970 computer model, which includes density variations with altitude
and is characterized by a nominal 11-year solar activity and geomagnetic activity cycle. In order to bound
predicted reentry time, OL uses both nominal and two-sigma forecasts of solar and geomagnetic activity
data which are published bimonthly by the Atmospheric Science Division of the Marshall Space Flight
Center (MSFC).

Recent observations analyzed by MSFC resulted in a 19-month backward shift in the predicted time of
maximum solar activity from May 1992 to October 1990. The time shift has positive implications for the
space station in that the 1995 to 1998 assembly period becomes one of lower solar activity than previously
predicted. The remaining lifetime for LDEF, which was launched from the Space Shuttle orbiter in 1984,
was adversely affected, however, due to the revised forecasts. LDEF had been manifested for retrieval
by the Space Shuttle in 1991. Based on analysis performed using the Langley OL program, the LDEF
reentry time period corresponding to the revised solar activity predictions was moved forward. This
analysis included development of the “measured” altitude profile of LDEF from the time of its launch to
the time of the most recent orbit determination provided by the North American Air Defense Command
(NORAD); estimation of the effective ballistic coefficient needed to match the actual orbital decay using
OL; and lifetime predictions based on the derived ballistic coefficient and the current MSFC solar activity
data. As shown in the figure, the LDEF reentry time interval (obtained using the best estimate and two-
sigma solar and geomagnetic data from the MSFC April 1988 report and initial conditions defined by the
NORAD May 30, 1988 orbit solution) is mid- to late 1990. As a result, the Space Shuttle Transportation
Systems office has been informed, and a revised manifest has been proposed.

(G. Mel Kelly; L. J. DeRyder, 4826)
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Articular Dynamic Analysis of Spacecraft Systems

The dynamic environment onboard the space station is an issue of concern to NASA engineers.
Onboard operations, such as the Space Shuttle orbiter berthing, payload retrieval, and deployment using
the remote manipulator system (RMS) arms; mobile Servicing Center motion; and large area solar array
Sun-tracking, must be evaluated in terms of flight controllability. Furthermore, prospective space station
customers have specific microgravity environment and payload pointing accommodation requirements
for proposed experiments. The Articular Dynamic Analysis of Spacecraft Systems (ADASS) software
has been developed and integrated into the space station multidisciplinary engineering and analysis
software package, IDEAS?, in order to simulate space station articular dynamic environment. ADASS
models the force and motion behavior of articular dynamic Earth-orbiting spacecraft undergoing large
displacements. ADASS can be used to assess spacecraft attitude performance and requirements and to
compute the rigid-body response (microgravity environment) resulting from modeled system dynamics.
Forcing functions can be generated for use in structural dynamic studies. The RMS-transmitted joint
control and reaction forces and torques, as well as structural part clearances during prescribed kinematic
paths, can be determined.

ADASS has been developed by integrating the kinematic and dynamic solver software package called
Automatic Dynamic Analysis of Mechanical Systems (ADAMS) into IDEAS?. The six-degree-of-freedom
software package models the orbital environment (gravity, gravity gradient, aerodynamic, and solar
pressure) forces and torques. A closed-loop flight attitude control system and articulating appendage
Sun-tracking (alpha, beta) logic and control system have been modeled to allow dynamic spacecraft
simulation. Preprocessors and postprocessors have been developed to facilitate a user-friendly simulation
setup and quick and clear graphical results interpretation, all of which are accessed through a common
relational data base. A time-elapsed ADASS generated picture illustrates a space station RMS retrieving
a payload located in the Space Shuttle orbiter cargo bay. The applied RMS joint torque required for the
prescribed motion is illustrated.

(Brent P. Robertson and L. J. DeRyder, 4826)
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Space Station Steady-State Microgravity Environment

One of the principal functions of the space station is to provide a low-gravity research facility for
scientific and industrial utilization. As currently configured, the space station contains three pressurized
laboratory modules (two of which are provided by our international partners) in which microgravity
experiments can be performed and tended by man. The microgravity requirements of the experiments
range in level from 100 pug to 1 pg with durations as long as 30 days. To ascertain the feasibility of
obtaining the low-acceleration environment, the Langley Research Center Space Station Office simulated
the steady-state environmental forces that act on ‘the modeled space station configuration to determine
the resultant sensed microgravity environment.

The steady-state microgravity environment sensed on the space station is due to the gravity gradient
field, aerodynamic drag, station attitude, and rotational motion. These factors make it highly dependent
on the space station configuration. The Articulated Rigid Body Control Dynamics (ARCD) module
of the IDEAS? software package was used to compute the steady-state microgravity environment. The
figure shows a closeup of the laboratory modules as seen in a front and side view of the November 1987
reference space station configuration flown at torque equilibrium attitude with atmospheric conditions as
indicated in the figure. Superimposed are the 1-ug and 2.3-pg contours resulting from the environmental
forces. It is a goal to provide a 1-ug steady-state environment to the laboratory modules; however, as
seen in the figure, portions of the United States laboratory module experience up to 2.3 ug over an orbit
for the conditions and configuration studied. Based on the microgravity results obtained, alternate space
station configurations are being examined to reduce the steady-state microgravity environment. The most
promising solutions involve relocation of the center of mass to fall within the laboratory module.

(Laura Waters; L. J. DeRyder, 4826)
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Stationkeeping Platform Utilization for Space Station Assembly

The Langley Research Center Space Station Office has been evaluating alternate space station assembly
configurations in an attempt to accommodate the conflicting constraints imposed by the lift capacity of
the Space Shuttle orbiter, and the requirement that each station assembly flight be a complete spacecraft.
Following each orbiter departure, multiple subsystems must be operational in order to assure space station
survivability. To this end, consideration was given to the utilization of a stationkeeping platform (SKP).

As shown in the figure, the SKP is a stand-alone, prevalidated “utility bus,” complete with power
provided from the gimballed solar arrays, a propulsion reboost system, attitude control, communication
capability, thermal system, and a payload accommodation platform. Launched prior to the first assembly
flight of the space station, it nominally operates in close proximity and docks with the completed
operational space station every 3 months for payload recycle.

The SKP analysis was performed using the multidisciplinary computer-aided engineering software
package IDEAS?. Results indicated that the SKP could provide the necessary resources to sustain the
early space station flights. For example, while mated to the station, it could provide power, reboost,
and communication. Assembly could take place at lower altitudes (since the SKP propulsion system
will already have been flight verified), thus allowing the Space Shuttle to manifest additional mass.
Complete subsystems (e.g., preintegrated nodes, photovoltaic array pairs, integrated structure, utilities,
and avionics) may be independently assembled and verified on-orbit. In the event of a premature orbiter
departure, the SKP was shown to have sufficient propellant reserves to serve as a contingency backup to
maintain attitude control and provide orbital reboost.

Two flight attitude modes were studied. With the SKP mated at the end of the transverse boom
opposite the solar arrays, the “arrow” configuration had the minimum area along the velocity vector.
The gravity gradient attitude had the transverse boom aligned along the local vertical. The 90-day SKP
reaction control system (RCS) attitude-control propellant requirements were 45 1b and 85 Ib for the arrow
mode and gravity gradient mode, respectively. The 90-day orbit reboost requirements were 255 lb and
240 1b, respectively. With a total capacity of 1200 1b of fuel, this would allow up to five 90-day reboost
cycles. Therefore, neither flight mode was superior to the other.

(Michael Heck; L. J. DeRyder, 4826)
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Space Station Accommodations of European Hermes Vehicle

The Langley Research Center Space Station Office has identified and assessed potential space station
docking port locations to accommodate the European Space Agency’s Hermes spaceplane. The Hermes
vehicle will weight approximately 21 metric tons with a length of 15.5 m and a wing span of approximately
10.5 m. The docking port is located in the rear with cold-gas thrusters used for the rendezvous phase.

The spacecraft modeling and analysis for this study was performed with the IDEAS? computer
program. In particular, the Geomod (geometry modeling) module was utilized to construct the solid
geometry and to ascertain docking clearances with respect to the space station; the SSPLIMP (Space
Station Plume Impingement Program) module was used to evaluate plume impingement station impacts
due to the docking Hermes; and the Articulated Ridge-Body Control Dynamics (ARCD) module was used
to assess the impact of the docked Hermes on space station flight control.

Ten potential docking port locations were selected and evaluated with respect to several criteria, such
as the clearance between the station’s elements and Hermes, the complexity of approach rendezvous and
proximity operations, the impact of Hermes on the flight characteristics of the space station, and the
station’s remote manipulator system access for final berthing operation via the grapple. These locations
were labeled from 1 to 10 and are shown in the figure. Two docking locations (front of the starboard
forward node and front of the port forward node, i.e., locations 1 and 2, respectively) appeared to be
the best all-around choice since there were no clearance problems. The approach path was unobstructed
along the +X axis (i.e., along the station’s velocity vector). Furthermore, no negative impact was found
on the station’s attitude and control. However, Hermes cannot use these locations while the Space Shuttle
orbiter is docked (location 2 is the primary orbiter docking port), and the Hermes docking port must work
with the Space Transportation System docking adapter. Location 3 was found viable in the presence of
a concurrent docked orbiter. The most unfavorable locations were found to be on the side of the port aft
node (i.e., locations 9 and 10, respectively). These docking locations had serious clearance and docking
operation problems.

(Zoran N. Martinovic; L. J. DeRyder, 4826)
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Evolution Requirements Definition for Space Station
Preliminary Requirements Review

The Space Station Program initiated its Preliminary Requirements Review (PRR) for the design and
development phase in April 1988. The objective was to adopt a consistent set of system requirements,
thereby allowing the work package centers and contractors to proceed with the development of preliminary
designs for the various elements and subsystems. The Langley Research Center Space Station Office (SSO),
in the role of technical lead for the space station evolution definition, was responsible for developing
and advocating requirements for the space station and platform growth at the PRR. In this capacity,
mission and systems analyses were performed at Langley to identify growth requirements necessary
for the principal evolutionary paths or options for the space station. One future option addresses the
accommodation of bold new initiatives as identified by the National Commission on Space and the Sally
K. Ride report, “Leadership and America’s Future in Space.”

To support initiatives such as the Humans to Mars and Lunar Base projects, the space station serves
first as a facility for life science research and technology development and eventually as a transportation
node for vehicle assembly and servicing. Another viable evolutionary path involves continued growth of
the space station as a multipurpose research and development (R&D) facility for science, technology, and
commercial endeavors. For these options, mission and systems analyses were conducted by the Langley
SSO to determine primary resource requirements such as power, crew, and volume. For example, studies of
multidiscipline, R&D growth at the space station involved analysis of a number of considerations, each of
which emphasized a particular discipline on the space station (e.g., microgravity research). Resource levels
constrained by lift capability were determined utilizing transportation models with expendable and heavy
lift launch vehicles as well as the Space Transportation System. These data, along with those from the
transportation node analyses performed at the Langley SSO, comprised the foundation for evolutionary
requirements derivation. Inputs from other sources were assessed and integrated at an intercenter working
gession hosted at Langley in February of 1988. Primary Phase I design accommodations for evolution were
identified. The table presents the power, crew, and facility requirements selected by the Langley SSO for
the two principal evolution options. Due to these results, Langley recommended that the Phase I space
station be capable of growth to 275 kW of power, a crew of 24, three habitat modules, six laboratory
modules, three mini-laboratories, a servicing bay, and an assembly hangar.

(Barry Meredith, 4830)
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Space Station Accommodation of Human Expeditions to Mars

The NASA Office of Exploration is developing plans and options that meet the National Space Policy
directive of “expanding human presence and activity beyond Earth orbit into the Solar System.” Langley
Research Center studies have focused on the use of the space station as a transportation node where the
space transportation systems are assembled, checked out, and fueled. In one study the requirements for
support of a set of three missions to Mars have been established. These missions use the “split sprint”
approach of sending a cargo vehicle ahead to Mars orbit on a low-energy trajectory followed by a piloted
vehicle on a fast, high-energy trajectory. (Total crew trip time is 14 months.)

The space station is used for precursor research and technology development, beginning at the
permanently manned capability (PMC). A life sciences program has been established to determine
countermeasures for the deleterious effects of the zero-g environment (cardiovascular system deterioration
and bone mass loss are two major effects). This program is initiated at the PMC and requires an additional
laboratory module plus a pressurized facility containing a 4-m centrifuge.

The most important technology development activity is the establishment of the capability to assemble
and check out large, complex vehicles (including large aeroshells) in the 1- to 2-million-1b class. Other
systems requiring on-orbit test and validation include environmental control and life support system
(closed air and water); automation and robotics, automated rendezvous and docking systems; cryogenic
storage and transfer systems; extravehicular activity (EVA) equipment; automated communications and
tracking systems; and electrical power systems.

The space station must rapidly grow to accommodate these activities. Crew size must increase to 14
and power levels to 150+ kW. At least one additional laboratory and one additional habitation module
are required. Once assembly of the Mars vehicle begins, additional resources must be added. The
assembly crew is currently estimated at six. This number assumes major application of telerobotics and
highly automated systems with self-check and fault-tolerant capabilities. Extensive studies are currently
under way to define more precisely the resources required to perform this function. The total resources
for the space station as a mature transportation node to support the Mars case study include an 18-
person crew, five laboratory modules (including the European Space Agency (ESA) and the Japanese
Experiment Module (JEM) laboratories), three habitat modules, two attached pressurized payloads, one
assembly hangar, one servicing bay (with orbital maneuvering vehicles), and 225 kW of power.

One concept of the space station with these capabilities is shown in the figure. This concept adds
dual keels to the space station to serve as locations for attaching the large Mars vehicle hangar and the
servicing bay (used to service platforms and free flyers and to accommodate the orbital maneuvering
vehicles). Observational instruments can be accommodated on the upper and lower booms. As shown in
the figure, power growth is through the addition of 25 kW solar dynamic power units.. The mass of this
system is about 470 metric tons (without the Mars vehicle), which is more than double the mass of the
Phase [ space station. '

Additional concepts of the space station as a transportation node will be developed as the Mars vehicle
concepts are further defined. On-orbit assembly and processing studies will establish the impacts of these
activities on the space station research program.

(E. Brian Pritchard, 4830)
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Offset Truss Space Station Configuration

The currently baselined space station has a configuration geometry characterized by asymmetrical
physical properties. The environmental forces and torques acting on a low-Earth-orbiting spacecraft like
the space station must be accommodated by the onboard flight control system. Asymmetric physical
characteristics generally increase attitude control sizing requirements. In particular, the space station
configuration has a 4-m offset between the center of aerodynamic pressure C'P and the center of mass
CM which results in an aerodynamically induced positive torque about the station’s pitch axis. In general,
gravity gradient torque can be used to offset the aerodynamic torque about the pitch axis; however, the
space station configuration with its cylinder-like inertias yields little gravity gradient torque about the
pitch axis. The attitude at which the environmental torques balance each other yielding the minimum
control momentum requirements is defined as the torque equilibrium attitude (TEA). The space station
has a pitch TEA that will vary from —6° to ~16° from a local vertical local horizontal (LVLH) attitude
during the lifetime of the configuration. This variation in attitude is directly related to the station
operating altitude as well as the 11-year solar cycle and to their impact on atmospheric density and the
associated induced aerodynamic torque resulting from the station’s CP/CM offset.

Current payload pointing requirements have been established for the space station program which
require attitude stability to within 5° of the LVLH attitude. These requirements cannot be satisfied by
the current space station configuration using angular momentum storage devices such as control moment
gyroscopes. The Langley Research Center Space Station Office has proposed reducing the pitch TEA
on the space station configuration by lowering the truss outboard from the alpha joints by 5 m so that
the centers of the solar arrays are aligned with the station’s center of mass, thus greatly reducing the
CP/CM offset. For a given launch date and altitude, this offset truss configuration produces a pitch TEA
of only -2.7° compared to —16° for the configuration; this TEA is provided without adversely impacting
other existing system requirements. Furthermore, the variation in the offset truss configuration attitude
over its lifetime is also reduced to less than 2° in pitch since the station is no longer as sensitive to
aerodynamic variations. Another enhancement resulting from the offset truss configuration is that the
station’s center of mass is moved closer to the center of the laboratory module and results in lower steady-
state microgravity accelerations sensed by laboratory experiments. The offset truss configuration greatly
reduces the aerodynamic asymmetry resulting in lower control requirements, a smaller pitch TEA, and
enhanced payload accommodations.

(Patrick A. Troutman; L. J. DeRyder, 4826)
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Publications
The F.Y. 1988 accomplishments of the Space Directorate resulted in a number of publications. The

publications are listed below by organization and are identified by the categories of journal publications,
formal NASA reports, conference presentations, contractor reports, tech briefs, and patents.
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ATMOSPHERIC SCIENCES DIVISION

Journals:

1.

Andreae, M. O.; Talbot, R. W.; Andreae, T. W.; and Harriss, R. C.: Formic and Acetic Acid Over
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CONCLUDING REMARKS

This publication documents the F.Y. 1988 accomplishments, research, and technical highlights for the
Space Directorate.
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ABSTRACT

This report describes the organization and facilities within the Space Directorate and presents the
major research accomplishments and highlights for F.Y. 1988. This information should be useful in
presenting and discussing the directorate program with other government installations, university and
scientific community, and industry in areas of mutual interest.
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